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requiring a treatment in greater detail than is found in ““Capabilities of
Atomic Weapons.”
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treatment those aspects of nuclear effects which will be of most use. The
information reflects weapons effects test data and analyses available emly
in 1956. It is intended that the material will be periodically revised in or-

der to maintain a current status.
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PREFACE

The status of our knowledge on the penetration of radiation {rom an atomic weapon
through the atmosphere has undergone rapid change, and theoretical and experimental work
have made great progress in the past several years. It was therefore felt desirable to take a
snapshot of certain phases of this knowledge in order to provide a systematic account of these
for military personnel who are required to use them and to assist research personnel by out-
lining the gaps in the current knowledge. Nuclear Development corporation of America {(NDA)
was assigned the task of preparing this handbook on nuclear radiation by the Armed Forces
Special Weapons Project (AFSWP).

It is inevitable in the preparation of a handbook such as this in a fleld which is prog-

" ressing so swiftly that all portions are not of equal titneliness. We have made every effort to

include information reported formally or available to us up to the 1956 Weapons Tests aa well
ag some limited information arising from those tests,

Since this is a handbook, information waa gathered from many sources and it is not
possible to acknowledge adequately all of them except by formal bibliographical references.
We must, however, acknowledge the notable assistance rendered us by the following scientists,
who gave their time and ideas freely and graciously when visited by NDA personnel for the
purpose of securing advice and information: Dr. V.P. Bond (Brookhaven National Laboratory),
Drs. Wendell Biggers, Payne 5. Harris and John 8, Mallk (Los Alamos Scientific Laboratory),
Dr. Marguerite Ehrlich (National Bureau of Standards), Dr. Donald K. Willet (Naval Research
Laboratory), Dr. Robert Rapp (RAND Corporation), Dr. Richard D. Cadle (Stanford Research
Institute) and Dr. Lester Machta (U.8. Weather Bureau).

The preparation of this handbook was the work of Messrs, Richard Bakal, Francis Clark,
and Drs, Danie]l Ekstein, Morton Fuchs, and Robert Liedtke, all of NDA, and Lt. Commander
Nathanjel 1. Berlin and his colleagues of AFSWP who prepared Chapter II. The quality of this
document has been greatly improved as 2 result of comments and advice received from Major
Thomas W, Connolly who acted as the Project Officer for AFSWP for most of the time that the
work was being done,

J. Erneat Wilkins, Jr.
White Plains, N. Y.
March 22, 1957

P‘?‘_ ;V ;s qunl'.
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Chapter 1

GENERAL CONSIDERATIONS

1.1 INTRODUCTION

Inthis manual an attempt will be made to summarize and correlate the quantitative information
at present available on nuclear radiation produced by nuclear weapons. Specifically, it is desired to
present methods of determining the values of dose from each of the several important kinds of bomb
radiation &5 a function of distance (and in some cases direction) from the point of burst. It is also
desired to kmow the energy distribution of the radiation making up the dose and the way in which the
dose varies with time after burst. Ideally, these methods should be applicable to a wide variety of
conditions, among others, bomb yields varying from 0.1 ET to 100 MT, burst heights varying from
~-1000 to 200,000 ft, air densities varying correspondingly, weapon types including pure fission, boosted,
and thermonuclear, and bursts occurring over both earth and water and in the midst of a wide variety
of meteorological conditions. In practice and with the present state of knowledge, it is possible to
provide quantitative statements for only limited areas of these parameters. In other areas only quali-
tative statements can be made and sometimes even this is inadvigable,

Under thege circumstances reliance must be placed onboth experimental results and theoretical
analyses. Measurements provide the most direct answers when available, Theoretical analyses are
used to afford some understanding of the mechaniame involved, so that results can bepredictedin areas
where experiments arelacking, andsothat experimental regults canbe applied to a variety of conditions.
It should be noted that measurementsbearing on important problems are often lacking; in addition, when
they are available they are often in conflict. Bimilarly, the theoretical analyses are not always avail-
able; when they are avallable, they are, necesgarily, based on gimple models. Thus, the methods and
results which follow are often subject to large and unknown errors. Where possible, an estimate of the
magnitude of these errors accompanies the individual section or chapter,

Auxiliary to the discuasion of the radiation doses themselves, information is presented on sev-
eral related subjects such as the biological aspects of dose, shielding against the several types of
radiation, and the dynamica of the atomic cloud,

The subject matter is divided into seven chapters, each of which is briefly outlined below.
Chapter 1 (General Considerations) introduces the problems of nuclear radiation and covers those
general areas which are necessary to a more detailed understanding of the subject. BSince it is desir-
able and helpful to have a general kmowledge of the nature and functional concepts of nuclear weapons,
discussions of the fiseion and fusion reactions and of weapon design and consiruction are presented in
Bections 1.2 through 1.4, Following these sections are introductory treatments of cloud dynamics
(Bection 1. 5), the relationghip between radiation flux and distance from the source point {Section 1.8),
and terminology of hological dosage (Section 1. 7). Finally, the calculation of the average air density,
which applies to each of the later chapters, is covered in Section 1. 8.

Chapter 2 presents a more detailed treatment of the biological effects of nuciear radiation. It
reviews the gsources of biological data, the pertinent units and definitiong, and several of the measuring
techniques. Radiation effects are considered, first due t0 sources external to the body and then due to
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internal sources. Both the immediate reactions (which may include nausea, diarrhea, weight loss,
fever, changesg in blood count, death) and the longer-term effects (which may include reduction of life .
span, cataract formation, impairment of fertility, and genetic eifects) are described. The dependence
of these effects onthe total dose and on its distribution intime {8 covered asthoroughly as our present

understanding permits. Current values of tolerance levels for external and internal radiation are
presented,

Chaptera 3 through 8 discuss the four general categoriea of nuclear radiation which result from
the explosion of a nuclear weapon,

Initial gamma radiation (Chapter 3)is radiation of electromagnetic waves similar to X-radiation
except that the associated particles or photona possess much greater energy. (Photons, or gamma
rays, are not particles in the technica} sense that they do not possess a non-vanishing rest mass such
as is possessed by electrons, protons, neutrons, etc. Nevertheless, they do possess other important
properties of particles and it is more useful tothink of them as particles for the purpose of the present
work.) Initial gamma radiation is emitted during about the first 80 seconds after the time of burat,
This time limit is somewhat arbitrary, being chosenfor purely practical reagons. Actually, by far the
greatest portion of thir radiation is emitted during thefirst few seconds after burst. The source of the
radiation is the material in the fireball which later becomes the atomic cloud, Initial gamma radiation
usually refers to radiation effects at points external to the cloud.

Neutron radiation (Chapter 4) is also emitted during this same time interval. A neutron is an
electrically uncharged particle whose mase 1s nearly the same as that of the nucleus of the hydrogen -
atom. There is reasonto believe that most of the neutron radiation of biological importance is emitted
nearly instantaneously at the time of burst. The sources of neutron radiation are also contained in the
fireball, and neutron radiation also usually refers to radiation effects at points external to the cloud.

Residual gamma radiation (Chapter 5} is of importance at later times. It occurs when radio-
active debris from the figsion process is scavenged out of the atomic cloud, by large particles of earth
for instance, and sifts back down to the ground under the influence of gravity and the local atmospheric
conditions. The sources of reasidual gamma radiation, Tommonly called fallout, are then distributed .
upon the surface of the earth and irradiate the whole general environment.

Residual beta radiation (Chapter 6) also occurs as a consejuence of fallout. The sources of
residual beta radiation are, in the main, identical to the sources of initial gamma radiation. Beta
particles are the smalleat electrically charged particles known. Negatively charged beta particles
are called electrong and positively charged beta particles are positrons, Under most circumstances
residual beta radiation is of less importance than residual gamma radiation because the penetrating
power of beta particles is much less than that of gamma rays. Beta radiation usually affects only the
skin of an irradiated animal,

The most important properties of the several particles of concern in radiation processes, in-
cluding protons and alpha particles in addition to the particles described above, are given in Table
1.1:1,

Chapter T presents a discussion of the atomic fireball and cloud. Attention is devoted to the
dynamics of cloud formation and growth and to three of the problems upon which these dynamics have
a strong influence: the cloud as source of most of the initial gamma and neutron radiation, as the
generally accepted origin of the material carrying the residual radiation (fallout), and as a radioactive
region of space which may be penetrated by aircraft.

1.2 THE FISSION REACTION

Nuclei of the elements uranium-235 {U**), uranium-238 (U*™), and plutonium-239 (Pu?*") may,
under favorable circumatances, break up intotwo parts when struck by a neutron of appropriate energy.
{The symbols inslde the brackets give the abbreviation for the element. The superscript on the right
gives the mass number, which is the total numbrer of proions and neutrons in the nucleus, for the element
and isctope in question. Often the atomic number, which is the total number of elementary positively .
charged heavy particles or protons inthe nucleus, is also given as a subscript to the left of the symbol.)
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This fission reaction is accompanied by the release of an energy of approximately 200 Mev {1 Mev =1
million electron volts = 1,803 x 10~% ergs), which is the reason for the enormous destructive power of
nuclear weapons. The fission products, l.e., the large two residual fragments, are not always of
exactly the same size, or, equivalently, of the same atomic¢ mass and number. There are, in fact,
more than 50 different nuclides which may arise as a consequence of fission. These fission products
are usually formed in highly excited states and must release additional energy before they become )
stable. This energy is released in the form of beta, gamma, and a very small amount of neutron,
radiation. It accounts for a large portion of the radiation effects in which we are interested,

The fission process is accompanied by the emiasion of neutrons, There are an average of v
neutrons emitted per fission. The value of v is between 2,5 and 4, depending on the type of material
undergoing fisgion and the energy of the neutron causing the fission. A small fraction, approximately
0. 78 percent for U*¥, of these neutrons is somewhat delayed in time of emission] since it is emitted
from the fission products, but the remainder of the neutrons accompany the fission process itseif and
are therefore emitted instantaneously. The delayedneutrons observed experimentally have not exceeded
0.7 Mev in energy.

Charge and Mass of Nuclear Particles

Particle Electric charge, coulombs Rest Masg, gm Comments
Electron -1.86 x10-1* 9.1 x10-¥ Beta particie
Positron 1.8 x10-4 9.1 x10°%# Beta particle
Neutfon None -7 1.67 x10-M
Proton 1.6 x10-1* 1.67x10-4 Nucleus of the
hydrogen atom
Alpha 3.2 x10-" 6.64 x 104 Nucleus of the
helium atom
Photon None None Gamma radiation

The reactions involved can be written as follows for fission in U™, where ,n' is the symbol for
2 neutron. (Those for Pu? and U are similar except that the neutron which causes fission in U3¥
must be greater than about 1. 5 Mev in energy. Thermalneutrons, on the other hand, will induce fission
in U** and Pu?®,)
(0! (thermal energy) + UM — 0.9927 v o' + excited fission fragments

+ gamma radiation + kinetic energy

excited fission fragments - 0.0073 v ,n' + stable fisgion fragments
+ beta and gamma radiation

U*® is presentin only small amounts in natural uranium, and must be concentrated and purified
for use in nuclear weapons.

Capture of a neutron by uranium does not always lead to fisgion. Instead, a heavier uranium
isotope, which does not break up in this way, may be formed.
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The energy release of nuclear weapons maybe compared with the correspanding energy release
from chemical explosives such as TNT. The energy released by the complete combustion of one thou-
sand tons, or one kiloton, of TNT is 4.2 x10'* ergs, 1.0 x10'* calories, 3.1 x10'* foot-pounds, or
2.62 x 10% Mev. It canbe seen, therefore, that insofar as energy release is concerned, about 1. 3 x 10%
fissions are equivalent to one kiloton of TNT, assuming 200 Mev per fssion.

The number of neutrons per kiloton of energy reliease is also of interest. Let a be the ratio of
non-fission to fiselon neutron captures in the weapon, including non-fission captures in the fissionahle
material. Then for each fission there will be a net of (¥~1-a) neutrons produced, since one neutron
must be used to majintain the chain reaction, There will be then (¥-1-a) 1.3 x 10**.peutrons produced
per equivalent ktloton of TNT. The value of (i~1-a) will usually be about 1, 3, but may range from as
low as 0.5 to as high as 2. 0. Since the initial energy spectrum of tission neutrons is well kmown, it
can be predicted that about 22 percent of theae neutrons will initially be greater than 3 Mev in energy.
The percentage emerging outside the weapon will, of course, be smaller becanse of energy degradation

in peneirating the weapon casing.

The energy release ofnuclear weapons, commonly called the yield, is usually measured in terms
of kilotons (KT) or megatons (MT), meaning the equivalent number of thousand or million toas of TNT
which, when completely burned, give the same energy release,

1.3 THE FUSION REACTION

As is now well known, the fission process is not the only way in which large amounts of energy
canbe released by nuclear reactions. Algo of great importance is the fusion reaction utilized in thermo-
nuclear weapons. In this reaction, several deuterium nuclei fuse together to form helium, tritium, and
hydrogen nuclet with the release of a large amount of energy. A very high threshold energy is needed
for this reaction to occur, however, so it is practical only at the high temperatures usually attained in
tission weapons and a fission bomb is used, for this reason, to initiate the fusion reaction.

The fusion reaction is as follows, where ,D* stands for the deuterium nucleus, ,H! for the hydro-
gen nucleus, and ,T® for the tritium nucleus.

1D’+1D=-1T’+IH‘+4MGV

D + D -~ ,He! + ;o' + 3.2 Mev

These two reactions are about equally likely to occur. The following reaction is about 50 times more
probable and will usually go nearly to completion;

D' + T - ,He' + ;n' + 17.6 Mev.
The total effect of these three reactions {s then obtained by summing, which gives
5,D0' - ,He* + ;He’ + \H' + 2.n' + 24.8 Mev,

This is the fusion reaction for what is calied partial burn. The following reaction isless probable, but
may occur under favorabie circumastances:

JDF + ,He! — ,He' + H' + 18.4 Mev.
Adding the last two reactions, we arrive at the reaction for what is called complete burn:

6,00 - 2,He' + 2,H' + 2,0 + 435.2 Mev, .
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Neutrons are generated {n equal numbers by the DD and the DT reactions, as can be seen sbove. Neu-
trons from the former reaction are crudely comparable to fisaton neutrons in energy, but those from
the latter are much more energetic -- possessing an energy of 14 Mev in fact. (The rest of the 17. 8
Mev is taken up by the recoil of the ,He* nucleus. )

From the above reactions it is seen that there are emitted 1.05 x 10* high energy (14 Mev)neu- -
trons per kiloton fusion yleld in the partial burn case, and an equal number of lower energy neutrons.
There s also an average total of 16.1 neutrons emitted per 200 Mev, which may be compared with
{(v-1-g)= 1,8 neutrons per fission characteristic of fission weapons. Thus, thermonuclear weapons
generate many more neutrons for any given yleld than fission weapons,

Corresponding figures for the complete burn case are 0.805 x 10 high energy neutrons per
kiloton, and an egqual number of lower energy neutrons. Similarly, there is a total of 9. 24 neutrons
per 200 Mev.

In actual weapons, the true burn i8 intermediate between the partial and the compiete burn cases,
usually closer to the partial than the complete.

The total energy reieased in the explosion of a thermonuclear weapon is comprised of the energy
yield from the fusion reaction plus a large yield from an associated figsion reaction, which ia not only
that due to the initiating bomb. The 14 Mev neutrons generated in the fusion reaction are utilized to
initiate additional fiasion in both U*® and U?*, (In this respect fusion neutrons differ from those pro-
duced in fission, which are not sufficiently energetic to fission U*® to any appreciabie extent. j-

Boosted weapons are modified fission weapons to which a small amount of deuterium has been
added. The fusion neutrons are utilized to augment the fission reaction in the uranium, thus giving an
appreciably increased fission yield compared to that which would occur inthe absence of the deuterium.
The augmented fisslon yield is much greater than the direct fusion yield,

-
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1.4 WEAPON DESIGN AND CONSTRUCTION

The characteristics of weapon radiation, particularly neutron radiation, are sengitive to the
details of weapon design and construction2 The following discussion is confined to {ission weapons,
Thermonuclear weapons, for reasons of security classification in design, are beyond the scope of the
preeent treatment.

Weapons are stockpiled with their fissionable materials in a subcritical state, mignifying a
configuration such that no nuclear reaction can occur. Criticality is reached when the configuration is
altered in such a way that the nuclear reaction ¢an just barely start., Further alterations of the same
type result in supercriticality, which means that the nuclear reaction, when atarted, will proceed faster
and much more vigorously.

It is important that there be no stray neutrons present while the system is going supercritical.
If such neutrons are present, predetonation may occur. Predetonation occurs when the nuclear reaction
commences before a condition of maximum supercriticality {s reached. The result may be a fizzle,
signifying the release of a much smaller amount of nuclear energy inthe explosion than under optimum
conditions. Under normal circumstances {no predetonation), at the precise moment that maximum
supercriticality is reached, an artificial neutron source is activated, the fission reaction commences,
and the explosion ensues,

Criticality is achieved from the initial subcritical condition in a number of ways. The most
common is the spherical implosion system. A spherical high explosive shell surrounds the fissionable
material. This is exploded at the proper timeby detonators symmetrically placed onthe outer surface.
A gpherical implosion shock wave progresses toward the center of the system, compressing the fission-
able material abruptly into a highly supercritical state. At the last moment, the shock wave hits the
center of the weapon where it activates an artificial neutron source; the weapon then explodes. This
type of weapon is spherically symmetric. The neutron radiation is most strongly influenced by the
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thicknesa of the high explosive shell, The high explosive contains hydrogen, which is very efficient in
degrading the energy of neutrons by the procesa of elaatic collision. Recent design has tended in the
direction of making the high explosive shell thinner and thinner, resulting in less and less attenuation

of the neutron dose by this hydrogenous material.

W oo SR -
not depend Oh compression of the fissionable material, tead, the Iissionable material is divided into

two parts which are subcritical when separated. The function of the high explosive at the ends of the
apparatus in this case is merely to agsemble the two paris quickly. Such weapons are called fgun-type
weapons. They are now used as artillery shells but ar
cept when penetration of the ground surface is desired)

Stockpiled weapon types are usually identified by a Mark number,  which is abbreviated Mk-,
When the models are still experimental, they are identified instead by a TX- number (L.e., Mk-35 or

TX-35).

Weapons are boosted, when desired, by making minor modifications of the basic unboosted
weapons. Boosted weapons fall into the same general classifications outlined above.

As previously noted, the weapon strength is called the yield and is given in terms of equivalent
weights of TNT in kilotons (KT) or megatons (MT). The yield I8 controlled by the actual physical size
of the weapon and by its detailed design characteristics, A change in physical size results, primarily,
in a simple multiplication of the source strength of the radiation produced. A change in weapon design

characteristicse has much more complicated effects on the radiation.

All weapons tested to date of up to about 100-KT yield have been pure fission weapons. In the
range of 100 KT to about 1 MT the weapons are either pure fission or boosted fission weapons. In the
boosted weapons, however, the yield is egsentially all due to the flggion reaction and the fusion contribu-
tion may be neglected, Abave 1 MT the weapons are fusion.

1.5 CLOUD DYNAMICS

For purposes of digcussing initlal and residual gamma radiation, some knowledge of cloud dy-
namics is required. Only the necessary definitionas and a very crude description of the phenomena in-
volved are presented hers., A more detailed discusaion will be found in Chapter 7.

Just after the time of burst, the weapon components are extremely hot. They expand rapldly,
engulfing atr from the atmosphere as they do 80, In these early stages of expansion, we apeak of this
as the fireball, As the fireball continues to expand, it also rises because of the low density of the




material in its interior. Further expansion and rising is accompanied by cooling, and the edges of the
fireball become somewhat less sharply defined. We then speak of the atomic cloud or justof the cloud.
The cloud, except for very minor differences, is just the fireball at a later stage of development.

The cloud rise is slowed and, for sufficiently low-yield weapons, it is stopped at the elevation

of the tropopause, The tropopause is the boundary beiween the troposphere and the stratosphere, The
troposphere ig the lower layer of the atmosphere in which nearly all vertical convection and turbulence

occur, It is characterized by z general linear decreasge of temperature with altitude, although localized
temperature inversions at low altitudes occur irequently in some parts of the world. The stratosphere
is that portion of the atmosphere above the troposphere and is characterized by a constant or slightly
increasing temperature with altitude. As a consequence, the air in the stratosphere ig quite stable
with respect to vertical motion, andis therefore stratified into layers. The elevation of the tropopause
depends mainly on the latitude and season of the year, although local weather disturbances may cause
marked variations from the normal, The height of the tropopause in general varies from about 55,000 ft
at the equator to about 80,000 ft at the poles. In middle latitudes, it varies from about 40,000 ft in
summer to 33,000 ft in winter. Cloud dynamics, in turn, are markedly affected by the height of the
tropopausge. Strong local invergions at lower levels, likewise, can exert a damping effect on the clouvd
rise.

1,6 FLUX-DISTANCE RELATIONS

This section consists ofa discussion of the relationabetween the flux of initial gamma or neutron
radiation at points exterior to the fireball and the associated distance from the point of burst.

The flux of any type of radiation is the tgial number of particies {gamma ray photons, neutrons,
electrons, positrons, etc.)per unit area and per umit time arriving ata particular point from ail direc-
tions and atall energies. The unscattered flux 1s that portion of the total flux which arrives directly at
the point in question from the source, without baving suffered any previous collisions. The unscattered
flux is manodirectional if the source of radiation 18 a point,

For the sake of conciseness, the time integral of the above is also often called the flux,

We are often interssted in the flux due to particles (especially neutrons) within a prescribed
range of energy AE, because the biological effect of the radiation is related in a complicated way to the
particle energy.

The unscattered flux ¢,, ata distance or glant range R from a point source of radiation of inten-
sity S(total number of particles, or particles per unit time}in a uniform homogeneous medium is given
by

-uR
¢‘u = s e t
47R?
(1. 8:1)
t Rt to ktll

The symbol u, 18 the total linear attenuation coefficient, and A, is the total mean free path. The symbol
p isthe density of the medium measured in units of standard density. Quantities meagured at the stand-
ard density are so degignated by means of a zero subscript. Thus, and A, are the total attenuation
coefficient and mean free path at the standard density. These equations show that Hy and I/At are pro-
portional to the air density p.
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The total flux ¢, bowever, also includes radiation which arrives at the point after scattering
(and at a lower energy). We define the flux buildup factor B(jyR) such that

¢ = ¢,B(4R). (1.8:2)
B(utR) itself is often crudely exponential in form

LuR
B(kR) = ¢ t (1.86:3)

where k, is 2 constant. Thus, ¢ is also stili roughly exponential,

g JAIWR_ s m
43R? 43R}
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(1.6:4)

u:_:'_ = ply = :;.zutu_kl)

where we call uthe apparent linear attenuation coefficient and A the apparent mean free path, Most
experiments have measured p and A rather than p, and "t' The biological effect of radiation is more
closely related to u than to . -

-

The bulldup factor concept can easily be generalized. One may define, for instance, buildup
factors for flux due 1o radiation in a specific energy range, buildup factors for the energy transported
rather than the number of particies, buildup factors for biological dose, etc,

Experimentally, it has usually been found that Eq. 1.6:4 remains a fair, although inexact,
approximation even if the source of radiation is spread out over a broad band of energies. It also holds
reasonably well for non-uniform media such as the aimosphere, whose density varies with elevation,
In this case, however, it is necessary to calculate an average air density p. Methods for doingthis are
degeribed in Bection 1. 8.

Serious modification is required, however, because of perturbation of the medium by the blast,
Eq. 1.6:4, even after defining the average air density p, is still properly true only for an infinite
bhomogeneous medium. At the time of the explosion, a blast wave spreads out from the point of burst.
This blast wave is bounded at its outermost radius by a sharp discontinuity kaown as the ghock fromt
which separates the quiescent medium from the disturbed medium. Compression of the medium is
maximum at the shock front. At sufficiently late times behind the shock front, there comes to exist a
region of rarefied, low deneity hot air kmown as the rarefaction phase of the blast wave, Becauwse of
this rarefaction phase, the exponential term in Eq, 1. 6:4 at times shortly after the time of burst can be
much more than e"PHR, This enhancement of the radiation shortly after the burst by the shock wave
hae been called the hydrodynamic effect by its discoverer, J. Malik. 3

-

The term time of arrival refers to the elapsed time required after the burst for an effect under
discussion to arrive at a apecified point. (The effect may be arrival of the shock front, contaminated
material, etc.)

Beveral other terms which occur repeatedly in the literature should be understood.
Ground zero, or GZ is the vertical projection on the earth’s surface of the burst point.

Burst height refers to the elevation of the point of burst, either above the ground surface -- or
sometimes, above mean sea level.




Slant range R is the distance from the point of burst to that point at which the value of flux or
dose is desired. If such a point is on the ground surface, R obviously satisfies the relation

R?! = (distance from ground zeroc to receiver)?
+ (height of burst above the ground surface at the receiver)?

We should understand, however, that neutron radiation and gnmma radiation from the fission
products emanate from a source which, to within a good approximation, is & point source of radiation
at the center of thefireball. When the neutrods have been slowed down to thermal energy by successive
collisions in the air, they are ceptured by nitrogen nuclei. About 6 percent of these excited nuclei then
emit nitrogen capture gamma radiation, which is ofquite high energy (an average of about 6 Mev). This
radiation is part of the initial gamma radiation, but obviously its source is distributed over a much
larger volume than the gamma radiation from fission products, and the point source treatment is a much
pocrer approximation. This is especially true at high altitudes.

1.7 BIOLOGICAL CONSIDERATIONS

The relation between radiation flux and biological damage is very complicated. It will be dis-
cussed in Chapters 2 and 4. In the presentparagraphs only such definitions are included as are neces-
sary to understand the terminology.

Dose is a general term used to signify some measure of the radiation absorbed by an organism.
Dose is meagured in several different kinds of units which are described below,

One roentgen or r represents thatamount of gamma radiation which, when absorbed in one cubic
centimeter of pure dry air at one atmosphere pressure and 0°C,will generate one e.#.u. of charge of
either sign, that is 2. 08 x 10* ion-pairs. (An ion-pair iathe combination of a free electron plus & posi-
tively charged atom which is missing an electrgn.) BSince one ion-pair requires the expenditure of an
energy of 32.5 ev to form, this is equivalent 6 0.1082 erg-cm=? or 83.5 erg-g'm" of atr.

One roentgen equivalent physical or rep is defined as thatamount of radiation of any type which,
when absorbed in one gram of organic iesue, will depoait 83 ergs of energy. (This unit has also been
defined in the literature as 84 erg-gm~ of tissue, which has led to some confusion. The latter defini-
tion will not be used in the present work.)

One rad ig defined aps that amount of radiation of any type which, when absorbed in any material
(not necessarily tisasue), will deposit an energy of 100 erg-gm-!,

One roen uivalent man (or mammal) or rem is defined as that amount of radiation which,
when absorbed in mammalian tissue, will cause the same biological damage -- sccordingto any definite
but arbitrarily defined criterion -- as the absorption ofone rep of 400 kev (1 kev =1 thougand electron
volts) gamma radiation.

The relative biological effectiveness or RBE is defined as the ratio of the dose in rem to the
dose in rep. It is very close to unity for gamma rays above 400 kev, but is greater than unity and is
dependent on energy for neutrons,

Neutron radiation dosages can be msagured in rem, rad, or rep. It capnot be measured in
roentgens, Gamma radiation, oo the other hand, is most commonly measured in roentgens. This is
identical to the doge in rep or rem for photons above 400 kev in energy.

The LDy, or 50 percent lethal dose is that dose of any type of radiation which will cause the
death, within a certain period of time (usually 30 days), of 50 percent of the population of organisms
irradiated.

Important simplifications in the relations between radiation flux and dose occur when

1. The shape of the flux energy spectrum is constant from point to point within a satisfactory
degree of approximation. In this case, the dose in both rep and rem is simply proportional to the total
flux in any specifisd energy range.
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2. The RBE is constant with energy so that the doses in rem and rep are either identical or
directly proportional to each other.

1.8 AVERAGE AIR DENSITY

The exponential term in Eq. 1. 6:4 for the total(scattered and unscatiered) radiation from a point
source in a homogeneous medium is given as e-HR or e-PKR, For a non-homogeneous atmosphere,
however, this exponential requires generalization. An approximation due to Weidler and Ward, 4 which
is satisfactory for most applications, although not exact, replaces these terms ag follows:

(1.8:1)

R
-u.fpdr
0
[ ]

o PHR = ¢ PHR
where
ﬁ = average apparent linear attenuation coefficient between point of burst and receiver
p = average air densify between point of burst and receiver, expressed tn units of d,
dy = density of pure dry air at 0°C and one atmosphere pressure, 1.293 x 10~} gm-cm™?
“ =

apparent linear attenuation coefficient for air at density d,.

-

Since the exponential term willnormally be expressed interma of the apparentlinear atienuation
coeificient at standard conditions y,, ft is therefore equal to e-PiR for homogeneous atmospheres and
ePR for non-homogeneous atmospheres. The required values of p or p are calculated as outlined
below,

If the pressure and temperature of the atmogphere are uniform betwecn the burat point and the
recelver, the air denaity p may be calculated from the ideal gas laws and a knowledge of the air pres«
sure and temperature.

A

L P :
5 5 = 0.200 (1.8:2)
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where
p = alr density between burst point and receiver, expressed in units of d,

A_= average molecular weight of air
G = gas constant

p atmospheric pressure, millibars

T = almospheric temperature, “K.

Eq. 1.8:2 is presented graphically in Fig. 1.8:1

I the pressure and temperature differences of the atmosphere between the burat point and the
recelver are amall, the average air density may be satisfactorily found by taking the average between
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the density at the burst point pp and at the receiver Pg, these point densities in turn being -calcnlated
from Eq. 1.8:1

- 1 0269 (P Pg
P =3 (PB"' Pz) =— (F; +T—z) (1.8:3)

If the pressure and temperature differences between the burst point and the receiver are not
small, the average air density may be found most easily through s knowledge of the pressure and eieva-

tion of the two points,
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Figure 1.8:1 Air Density p (in units of 0. 001293 gm-cm™?) ag a Function of Pressure and
Temperature. The curves are spaced at 10° intervals going monotonically from -30°C to

+so°C. 0.260 P
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Eq. 1.8:1 defines the average air density p as follows:

R
f e
0

R

If y repreaents the elevation, then dr is proportional to dy along the straightline connecting the point of
burst and the receiver. Eqg. 1.8:4 may then be written

¥z
f pdy
Y

B .
- I (1.8:5)
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(1.8:4)
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where
Vg ® elevation of the receiver

Vg ™ elevation of the burst point
A = -
The relationship between change in pressure with elevation is

dp = -pg dy dy {1.8:6)

where g = acceleration of gravity.

Substituting for pdy in Eq. 1.8:5 yields

Py
o Few
P

saB__ oL |4 .
e m - 53]

If 4p is expresged in millibars and y in feet, this becomes
- ap
p-zs.alryl. (1.8:8)

Eq. 1.8:8 is presented graphically in Fig. 1.8:2. Nearly all calculations of interest will be handied
adequitely by Eq. 1,8:2, 1,8:3, and 1. 8:8, and the associated figures,

In addition to the three equations, presented above, there are other relationships which may be
useful in special circumstances.

If as a low order approximation one assumes the temperature of the atmosphere tc be uniform,
it can easily be shown that

_ Pg - P
p =2 2 (1.8:9)
Pp

2,303 logyy —

Pz

As a matter of fact this is a better approximation than Eq. 1.8:3 and for small values of (p_/p _)-1
reduces to Eq. 1.8:3. Because its accuracy is quite satisfactory for current uses and it is simplér to
use, Eq. 1,8:3 ia recommended, however,

A pecond altermative relation is derived if it s assumed that the temperature varies linearly
with elevation, an assumption which is correct within the troposphere. Under this condition

A
A 8 hy
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PROBLEM 1

The pressure and temperature at the point of burst are given. The air between the burst point
and the receiver is at the same pressure and temperaiure, It is required to compute the average air

Solution

1,

Example

density p between the two points, in units of d (1.293 x 10~ gram-cm-¥).

Convert the units of pressure tomitllibars and temperature to °K if the information has not
been supplied in these units. (See the list of convergion factors after Problem 8.)

Elther compute the air density at the point directly from the formula

P

B
po= 0,269 —
B 'I‘B

or read pg from Fig. 1.8:1. Since the temperature and pressure are constant between the
two points, the air density at the point of burst pg, is oqual to the desired air density p.

The air pressure andtemperature between the pointof burst and & receiver pointat a horizontal
distance of 2000 yards are 950 millibars and 20°C. It is required to compute the air density in units of
. 1.293 x 10~ gram-cm-? between these two points.

I :




1. We must convert the temperaturs to "X. Thus, T =273 + 20 = 203°K,
2. The air density p is given by

p=0.260 & = 0.2600 .:.g.g = 0.87,

which can also be read from Fig. 1.8:1 for p of 950 millibars and T equal to 20°C.

PROBLEM 2
The pressure and temperature at both the point of burst and an external point are given. The

pressure, temperature and difference in elevation between the two points are not greatly different, It
is required to find the average air denasity between the two points in units of 1.293 x 10-? gram-cm-?,

Solution

1. Convert the units of pressure to millibars and temperature to °K if the information hag not
been supplied in these units.

2. Compute the average alr density directly from the formula

-1 0.268 {Pp Pz
"‘f("s'*"z)=‘r"'("f;+'i';)

Example

At the point of burst the pressure is 850 millibars and the temperature 25°C, At the external
point the corresponding figures are 800 millibare and 15°C. The difference in elevation is 1500 ft. It
18 required to find the average air demsity between the two points in units of 1,283 x 10-? gram-cm-?,

1. We must convert the temperatures to °K.

TB = 273 + 25 = 298°K

Tz = 273 + 15 = 288°K

2. ‘The average air density p is given by

= G.268 (050 900) = 0.85

~3 \798 ' 788

PROBLEM 3

The pressure at both the pointof buratand an external point are given, The difference in eleva-
tion is also given, and this may be large (mare than 3500 ft). It is required to find the average air
density between the two points in units of 1.293 x 10-? gram-cm-?,

Solution

1. Convert the unita of preasure to millibars and difference of elevation to feet if the informa-
tion was not supplied in these units.
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2. Either compute the average air density p directly from the formula

p = xa.al%’l

or read p from Fig. 1.8:2

Example

The pressure at the point of burst is 1000 millibars. At a receiver of higher altitude the pres-
sure is 700 millibars. The difference in elevation is 10,000 ft. It is required to find the average air
density p between these points in untts of 1.293 x 10-* gram-cm-*.

1. No changes of units are necessary.

2.

The average air density p is given by

- ap -
= 25.3,-&} I 25.8 W = 0,77,
which can also be read directly from Fig, 1.8:2 for Ap of 300 millibars and Ay of 10,000 ft.

CONVEREION FACTORS

For convenlence we include here some formulae and conéersim factorsfor use when input data
are supplied in units different from those illustrated,

Units of Pressure

1 standard atmosphere

=

=

29,92 in, of mercury at 0°C
76 cm of mercury at 0°C
33.9 ft of water at 4°C
1013. 25 millibars

14.7 lb-in.-*

2117 Ib-ft-?

1 millibar

1000 dyne-cm-?

Units of Temperature

F
c
K
cC
K

temperature in degrees Fahrenheit
temperature in degrees Centigrade
temperature in degrees Kelvin

5/9 (F-32)

C + 1218




2y

Unita of Length

1 meter
= 3.281 ft

1.004 yd
6.214 x 10-¢ miles

1 in,
= 2.54cm
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Chapter 2.

BIOLOGICAL EFFECTS OF RADIATION

2.1 INTRODUCTION

This chapter has been prepared to provide a review of the broad field of radiobiology as it
applies to military problema.

There are some data availablefor man whichare notparticularly satisfactory. There is alarge
volume of data obtained from laboratory and weapons test studies in experimental animals. It is mani-
festly not possible to cover within the scope of this document the entire field of radiobiology. This
chapter attempts to review the problems andto point outand evaluate areas of controversy. For details,
it is suggested that the reader consult the general and aspecific references.

In many respects the data preaenpied in other sectione of this handbook have been collected for
the purpose of evalualing the hazard of ionizing radiation to personnel. Except at very high dosages
{10,000 r and greater), ionizing radiation is without effect on ordinary material other than radiation
dosimeters and photographic film, The basic purpose of this chapter is to provide some guidance inthe
use of physical data for the estitmation of personnel hazard. There will be some repetition of physical
data detailed elsewhere in this handbook to provide continuity. In many, Y not most, instances the
needed correlation between exposure dose and clinical findings is lacking because of insufficient data.

2.1.1 SOURCES OF DATA

The primary sources of pertinent medical radiobiological information are:

1. the evaluation of the results of the Hiroshima and Nagasaki experience by the Atomic Bomb
Casualty Commission (ABCC)1,

2. the evaz.luaﬁon of the results of the accidental exposure of the Marghallese during Operation
Castle®,

3. accidents in atomic energy laboratoriesd: 4, and
4, clinical radio-therapeutic experience.

In addition, there is a large volume of experimental animal data from which certain inferences
regarding man may be drawn, but which cannot be directly applied. 56,7 In general, animal experi-
ments indicate the pattern of response that may be anticipated in man, but are not an ideal source of
information. Significant differemces in details, particularly quantitative, preclude direct extrapolation
to man. In faci, ali sources lack certain pertinent critical information.

As an example, review of the problems associated with the calculation of radiation dosage at
Hiroshima and Nagasaki results in the conclusion that at Hiroshima neutron efiects might predominate
while at Nagasaki, ‘‘nearly all the doaage s due t¢: gamma rays. ’’ Aside from the difficulties associated
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with estimating the flux and energy spectrum of neatrons and the gamma ray dose, Figure 2.1:1 illus-
trates the difficulty in aasigning to a given location a number for dose because of the rapid decrease of .
the dose with ground distance, both for neutron and gamma rays.” This is without consideration of an
estimate of shielding factors. As will be discussed tater, the biological effectiveness of neutrons may
be greater than gamma rays., Comparison of the regulis obtained at Hiroshima with those at Nagasaki
should make some provision for this difference. But, in addition, the flux and spectrum for a given

location are so poorly known that, in all probability, quantitative data purporting to relate lethality to
dose are of dublous value,

The dosimetry problems associated with the exposure of the Marshallese make 1t difficuit to
determine precisely the gamma ray dose, The data were insufficient to permit even an attempt to be
made to estimate the gkin dose resulting from soft X-rays and beta radiation. ? The many problems and
uncertainties involved in the dosimetry of accidents in atomic energy laboratories are pointed out in &
description of an accident at the Argonne National Laboratory. 4
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Figure 2.1:1 Neutron and Gamma Radiation as a Function of Distance Estimated for
Bursts at Hiroshima and Nagasaki. 8 The gamma ray dogage in roentgens is plotted as a
function of the distance along the ground from the point just below the bomb explosion.
The number of neutrong-cm-? ig indicated in the scale at the right of each drawing. This
scale applies for slow neutrons, namely those below I ev, and for {ast neutrons as indi-
cated, The fast neutron curve represents a really wild guess,

2.1.2 TYPES OF HAZARD

The personnel hazard may be divided into tmmediate and late considerations. The immediate
hazard is thatinvolved in thc production of acute effects, principally lethality, acute radiation illness or
skin lesions. The long term problem is that of the late effects; this involves both the individuals con- .
cerned and, through the genetic changes produced by radiation, their progeny for many generations.

" —-—
C




2.1.3 BOURCES OF RADIATION

There are two separate sources of ionizing radiation to be considered. These are:

1. External gamma, beta, and neutron radiation. For residuzl radiation this is a combined
beta andgamma radiation; for initial radiation, nevirons are an additional source of ionizing
radiation.

2. Internally deposited radicactive materials. For military considerations, this is a problem
asgociated with fallout, ’

2.2 EXTERNAL RADIATION

2.2.1 INTRODUCTION

External radiation constitutes a potential hazard to personnel from the moment of detonation of
an atomic weapon. The initial radiation consists of gamma and neutron radiation, propagated for large
distances in alr. In addition, within the cloud there is beta radiation, but it is difficult to conceive of
2 situation where beta radiation will constitute a personnel hazard before fallout occurs. While falling
and after completion of fallout, the external radiation consists of both beta and gamma radiation,

2.2.2 DOSIMETRY

From the standpoint of estimation of personnel hazard from external radiation, the basic nec-
egsary physical data are:

1. the type of radiation, whether it be gamma, beta, neutron, or some combination of these,
2. Imowledge of the energy spectrum and flux, and
3. source geometry,

2.2.3 UNITS OF DOSE

There are several units of radiation dose currently employed. 10

1, Roentgen - that quantity of X or gamma radiation which produces, in 1 cm? of pure dry air
at STP conditions, 1 e.s.u, of charge of either sign, that is 2. 08 x 10* jon-pairs. Since one ion-pair
requires the expenditure of 32.5 ev to form, this is equivalent to0 0.1082 ergs-cm-? or 83.5 erge-gm™
of air,

2. Rep (roenigen equivalent physical) - that quantity of lonizing radiation which regults in an
absorbed dose in any material at the site of interest that is equivalent to that obtained from 1 r of
gamma rays; this quantity is usually taken as 83. 5 ergs for 1 gm of air; for soft tisaue this is B3 ergs-
gm™ tissue, This unit i independent of the type of energy of the ionizing radiation.

3. Rad - that quantity of ionizing radiation which resuits in the transfer of 100 ergs-gm™ to
any material. This is a recently adopted unit. It can be seenthat for soft tissue it is almost equivalent

to the rep,
4. Rem - roentgen equivalent mammal {man) to be defined later (see Section 2. 3).

From these definitions it is seen that the roentgen is a untt applicable only to X or gamma radi-
ation, while the rep and rad are independent of the source type and energy.

2.2.4 CONSIDERATION OF DEPTH DOSE CURVES AND CORRELATION WITH BIOLOGICAL EFFECT

The effect of ionizing radiation is primarily dependent upon the dose absorbed in tissue, not the
dose measured in air. The basic problem is a determination or a calculation of the abscrbed dose in
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tissue. This is probably best approached through the use of a depth dose curve. A depth dose curve is

a graph of the relative amount of ionization produced at various depths in the body or some other ab-

sorber. Depth dose curves have had extensive application in radiation therspy and in radiobiological .
research, It is this experience which makes possible the quantitative prediction of bioclogical effect

from a depth dose curve. 1

For the range of beta particle energies encountered in fission products maximum penetration
into tigsue is of the order of millimeters, while for X and gamma rays and neutrons the degree of
penetration can vary from afew millimetersto those which traverse the entire body. As a consequence
of the change in absorption coeffictent with X-ray energy, penetration into the body varies with the en-
ergy. For example, at 50 KVP the dose delivered to tissues deeper than 2 cm is very small compared
to that at the skin surface. The skin surface dose to produce in LDy, (lethal dose for 50 percent of the
irradiated population) might reasonably be expected to be greater for 50-KVP X-rays than for 250-KVP
X-rays since the 50-KVP X-rays may be considered to produce a skin “*burn, !’ while with 250-KVP
X-rays a relatively uniform dose throughout the body la produced. Fig. 2.2:1 shows the variation in
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Figure 2,2:1 The LDy, for Dogs for Bilateral Radiation as 2 Function of Energy. 12

LD,, for dogs for bilateral radiation as a function of energy.12 (In this instance half of the total dose
was delivered to each side of the animal.) This figure demonstrates that below 175 KVP the air expo-
sure dose LDy, increases rapidly to 6000 r at 50 KVP. With the weaker X-rays, only the skin and
subcutaneous tissues are irradiated, The dose to produce lethality increases with decreasing X-ray
energy, since the deeper tissues are not irradiated. At 50 KVP the distribution of the dose in the tiasue
ia comparable to that produced by external beta radiation in the range 2 to 3 Mev. This makes this
energy (50 KVP) comparable to external beta radiation, and it would be anticipated that the dose to
produce 50 percent lethality would be comparable to that required for external beta radtation. .
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Thebeta particles arisingfrom fission products constitute a source of radiation onlyfor the skin
and, in sufficient quantity, produce a condition known a8 & ‘‘beta burn*’ which can be lethal. The two
principal considerations in the evaluation of the hazard of beta radiation to the body are:

1, dose to skin, and
2. area of gkin involved,

For example, it has been determined that the LD} (lethal dose for 50 percent of the irradiated
population in 30 days) for bata radiation to the entire body variesfrom 2200 rep (baby rat) to 17,000 rep
{rabbit); 13 yhile the same dose range delivered to & small area of skin, e.g., 1 cm® will not result in
death, but will produce only local changes in the skin, The relatively low LDy, for beta radiation for
the baby rat is probably due to the fact that for such small animals there is significant ionization be-
neath the skin, and while this is not uniform total body irradiation, a considerably greater percentage
of the tissues are irradiated than in larger animals,

The lethal dose for beta radiation of man is not known. 14 Animal studies indicate that the total
integrated dose to produce 50 percent lethality may be directly proportional to the body mass. Extra-
polation to man ylelds an LDy, for beta radiation of approximately 40,000 rep which {s not in keeping
with other data and should not be used for any personnei hazard calculations. On the other hand, from
another line of approach, the beta radiation LDy, dose is calculated to be approximately 5000 rep. The
latter appearstobe a more acceptable value and is comparable to the LDy, for dogs for 50-KVP X-rays,
but it is unestablished and must be considered only as an estimate of questionable value arrived at by
extrapolation from animal data.

X-rays and neutrons of sufficient energy produce tonization throughout the body resulting, when
applied in sufficient quantities, in acute radiation illness.

-
-

2.2.5 DOSIMETRIC METHODS

In general, and for most peacetime applications, film badges are the most common dosimeters
in current use. Varying sensitivity to various types of ionizing radiations precludes their use for
precise dose measurements in mixed radiation fields. In addition, at weapons tests, where mixed
radiations make the phyaical measurement of dose difficult, biological dosimeters have been used.
Generally, mice are placed at various distances from the point of detonation in suitable containers to
protect against the effects of thermal radiation and blast. Then the effects of the ionizing radiation are
measured by one or more bjological endpoints. The biological endpoints used are:

1, mortality (30 day),
2. change in weight of the spleen and thymus,

3. depression of red cell formation, as measured by the incorporation of radioactive iron into
red cells,

4. change in weight of the gastro-intestional tract, and
survival time (in the supralethal dose range).

The results are then compared with those obtained with X-rays in similar animals under laboratory
conditions, The results are expreased not in terms of the mixed bomb ionizing radiation, but that at a
particular station, the total effect of the ionizing radiations received is equivalent to a particular dose
of X-rays. 15,18 The results may be expressed in rem (gee Section 2. 3 for definition of rem),

Chemical dosimeters have also been developed, but are leas widely used than any other type of
dosimeter, It is probable that because of their relative simplicity, chemical dosimeters will become
more widely used. 17 Scintillation glass dosimeters have also been developed for wide distribution in
the armed services. 13 Gamma radiation is generally best determined by some type of ionigation
chamber, although if guitably calibrated, photographic film may be used.
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The measurement of neutrons ia more complex. There are several methods; one is the meas-
urement of flux and energy spectrum and calculation from this data of a depth dose curve. The flux
and energy spectrum of peutrons can be determined through the use of the activation detector methods .
(see Chapter 4), Calculation of a depth dose curve for neutrons is not a simple matter. For small
animals (mice), a first collision tissue dose calculation is adequate. Assuming a tissue equivalent
medium, the mean energy absorbed 1g19

-

- i~ 2 ARG, ep-emt? _
U=1Tx10"" E (2.2:1)
- a+ At)l neutron
where

E = incident neutron energy, Mev

Ai = ratio of atomic mass of element i to neutron mass

N, = concentration of element i, atoms-cm™? .

¢ = scattering cross section of element §, barns (107* cm?)

—

Fig. 2.2:2 shows a first collision neutron dose curve for tissue as a function of neutron energy.
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Figure 2. 2:2 Firgt Collision Neutron Rep Curve for Tissuel?

For man it is pecessary to consider subsequent collisions and i~ calculate a depth dose curve,
Such depth dose curves have been calculated {see Fig. 2. 2:3).20 The use of suitable ionization cham- '
bers in a phantom permits a direct determination of the relative ionization as a function of depth. 19

Table 2.2:1 shows the calculated flux to produce 50 percent lethality in man for neutrons from .
thermal energy to 3.0 Mev, 2l This table demonstrates that from 1 kev to 3. 0 Mev there is approxi-
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. TABLE 1.2:1

LDy Neuiron Flux as a Function of Energy

LDy, Flux, neutrons-cm™

Neutron Energy ie_{.__zl__ Ref, 22 Ret, 23
- Thermal 1.ex100Y  sxion

1 kev 1.8 x10/%
3 kev 1.7x10

10 kev 1.¢x10°?

30 kev 9.2x10M

100 kev 4.1 x10M

300 kev 1.8 x10" 2.1 x10n®
1 Mev 5.0x10" 14 x10*
3 Mev 1.7 x 10 8 x10'" 9.1 x10"

m
These are estimated values. It is suggested that the reader review the source referenced! for a
better appreciation of the methods used lo calculate these numbers and their validity, It is probable
that these numbers may be changed significantly in the {uture.

(2 pased on the values given in the source referencel? for conversion from rep to neutron-em=! and

values of the RBE and LIy, doze for neutroms of 1. 3 and 450 rem, reapectively,
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mately & 84-fold decrease in the calculated flux 16 produce 50 percent lethality. Fast neutrons are
slowed down in tissue by elastic collisions of which 85 to 85 percent occur with hydrogen and result in
recoil protons. Because of this and because of the relatively high, compared to X-rays, linear energy

transfer of protons, the biological effectproduced is greater than would be predictedfrom a comparable
absorbed dose (in erg-gm-!) of X-rays (see Section 2. 3},

For thermal neutrons, on the other hand, capture reactions predominate. These are the (n,p)
reaction with N'4, resulting in the emission of & 0. 88 Mev proton, and the {(n,7) reaction with hydrogen
with subsequent emission of a 3.2 Mev gamma ray. It has been calculated that below 10 kev the latter

reaction predominates.

Recently it has been observed that forfive test weapons, within the ground range of interest, the
bomb neutron spectrum is relatively constant. For these five weapons, a calculation of dose due to the
entire bomb neutron spectrum can be carried out from the measurement of the flux of a single energy
region, It has not been determined whether this will hold for other weapon types, although preliminary
re-evaluation of previous weapons test biological data indicates that may be so.

The dose due to beta radiation is best determined by a suitable thin walled ionization chamber.

As will be discussed below, an important consideration is the source and receiver geometry.z"
Initial radiation can, to some extent, be considered to be unidirectional gamma and neutron irradiation,
the departure from unidirectional being a resultof multiple scattering in air, while for falloutradiation,
the situation is different. -

Beta radiation can be considered to arise from two sources:

1. beta particles emitted from fission products upon the surface of the ground, and

2. Dbeta particies emitted from fission products that contaminate the skin or clothing.

In case one, the individual i8 in a field of beta radiation, and, aside from consideration of the
protection due to clothing and the attenuation of the flux with height from the ground surface, may be
considered to be in a field of uniform beta radiation. However, in case two, there is the beta radiation

arising from *‘hot particles’’ contaminating the skin or clothing and producing a local area of intense
irradiation which can result in a localized skin ‘“‘burn.”

Directly measured depth dose curves furnish the mostsatisfactory approach tothe prediction of
biological effect. The use of small {onization chambers in a phantom appears to be satisfactory. 25, 28
This type of measurement consists in the placing of small ionization chambers at various da2pths in a
masonite phantom. After exposure, the readings of the ionization chambers are plotted as a function of
the depth from the surface of the phantom. This is a directly determined depth dose curve for the par-
ticular source, source geometry and receiver. For neutron irradiation afirstcolilsion dose calculation
with an estimate of the attenuation due to depth is a good approximation, Typical field test beta and
gamma depth dose curves are shown in Fig. 2.2:4.

2.2.8 SIGNIFICANCE OF AIR DOSE, SKIN DOSE, AND MID-LINE DOSE FROM X-RAY RADIATION

1. Collimated beam source geometry

Considerable confusion has arisenfrom failureto stipulate how the dose was measured. 24 This
is because from the same narrow collimated X-rays flux in air, the three quantities, alr dose, skin
dose, and mid-line dogse, can and do differ significantly. Alr exposure is the dose measured iniree
atr, that is, without backscatter, Skin dose is the dose measured with backscatter, that is, the ioniza-
tion chamber is placed at the surface of the body. Mid-line dose ig the dogse either measuredin a
phantom with size and radiation absorption characteristics similar to the blological object under consid-
eration or calculated from a knowledge of the energy spectrum and absorption constants. The skin dose .

is higher than the air exposure dose due to backscatter. The increase due to backscatier varies with
the energy and may amount to an increase of as much as 50 percent or more above the air dose. 27 The
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mid-line dose is a function of the energy spectrum and body size and is usually less than the air dose
and skin dose. The relationship between air dose and mid-line dose is dependent upon the source and
receiver geometry and with low energy X-rays on the absorption coefficient. 8Since there is consider-
able variation with energy in the absorption coefficient, the ratio mid-line dose/air doae can vary
considerably. For example, from weak X-rays (below 50 KVP), the mid-line dose may be negligible .
as compared to the skin dose, in which case the ratio mid-Jine dose/air dose will be very low while in
the gamma ray region this ratio may approach one. i
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Figure 2.2:4 Comparative Depth Doses in a Phantom Man of Initial Atomjc Boxb Radia-
tion and Radiation from a Field of Fission Products, 3 (8ee algo 25 and 26) Ty gperease
in dose at 20 ¢m for the residual radiation field is a resultof exposure in an infinite plane
source geometry of a finite-size phantom with measurement of dose throughout the phan-

tom.

It can be readily seen that failure to stipulate the measurement conditions has led to consider- -
able confusion.

2. Iniinite plane source geometry

For the case of radiation in a fallout field, {.e., infinite plane source geometry, the relationship
between air dose, skin dose, and mid-line dose Is different, Direct observation of the hard gamma
radiation component of a fallout field in a phantom masonite man indicates that within the error of
measurement there is no appreciable change below 3 cm with depth, that is, the mea radiation depth
dose curve is relatively flat, and equal to the {ree air exposure in 1:-1:.'.ent.gens,a +28 25 measured by a
thick walled ionization chamber.

Which of these three measurements, air, skin or mid-line dose, is the most satisfactory? In
all probability, there is no single meagurement which willbe satisfactory in all cages. For weak X-rays
{below 50 KVP) certainly the mid-line dose 18 unsatisfactory, while the skin dose or air dose may be
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misleading if it is not realized that this radiation 18 essentally body surface or skin radiation. The
measurement to be used depends upon the biological endpoint under consideration. The mid-line dose .
is to be used when total body irradiation, acute radiation illness, and lethality are under censideration

since it affords the best correlation between dose and effect, However, for consideration of the skin
beta “*burn’’ hazard, it 18 necessary to know the dose to the skin, It is then apparent that a single
measurement or calculation is notsatisfactory for all cases. For military operational purposes, {t has
not been determined if it is necessary to know both the skin and mid-line dose.
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Figure 2.2:5 Beta-Gamma Ratio at 1 Meter Above Earth’s Surface. The line represents
theoretical values; the points represent observed values.

For the faliout field where there is a combination of bothbeta radiation X-rays, and gamma rays,
the use of the phantom masonite man probably defines the problem most satisfactorily since the results
permit an evaluation of the (1) dose to skin and (2) the whole body dose. The resulis may be expressed
as a ratio, beta-gamma dose ratio. Experimentally this measurement hag been carried out in alimited
number of conditions, Values of the beta-gamma dose ratio varving between 2.5 and 28 have been ob-
served at field tests, 28, 28 Dale(cited by Kendali?8) has worked outon a theoretical baais the variation
with time of this ratio up to 400 days. Initially, the ratio surface dose/mid-line dose is high, approxi-
mately 15 to 20, decreasing to a minimum (approximately 2) at 10 to 20 days. (see Fig. 2.2:5).

2.3 CONCEPT OF RBE (RELATIVE BIOLOGICAL EFFECTIVENESS)29, 30, 31, 32

With the availability of various types of ionizing radiation, it early became apparent that pre-
diction of the effecta ofa givenphyaical dose was inaccurate when the biological effects ofheavy ilonizing
particles were compared to those of X-rays. This was particularly true for external neutron irradia-
tion. Initally, neutron dosages were measured with a Victoreen ionization chamber and in uniis of n.
One n is the neutron fluxto produce a reading equivalent to 1 r in a 100 cm? Victoreen ionization cham-
ber. Recently it has been confirmed that 1 n = 2 rep.33 However, the biological effect of 1 rep of
neutrons is greater than would be anticipated from 1 rep of gamma radiation. To rationalize this dis-
crepancy, the concept of relative biological effectiveness (RBE) was introduced. When compared to
X-rays, and for equivalent biological effect, the dose required of any ionizing radiation is the product .
of the RBE and the dose delivered in rep. It should not be inferred that RBE is used only in connection
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with neutrons. The RBE has been determined for alpha particles, protms, beta particles and within
the spectrum of X and gamma rays. RBE is not a simple concept, it depends upon:

1. type and energy spectrum of ionizing radiation,
2. Dbiological endpoint measured, and
3. dose and dose rate.32

It is particularly when different biological endpoints are considered that alarge range of values
for RBE are encountered, With the development of the concept of RBE, a new unit, the rem (roentgen
equivalent mammal (man) ), came into use. The rem {s the product of the absorbed dose (in rep)and
the RBE for the particular type of ionizing radiation used and bivlogical endpoint measured.

An explanation for the fact thatfrom a given physical dose the magnitude of the biological results
varies ip probably related to differences in linear enmergy transfer. Bagically, it has been cbserved
that, for the same physical dose, as the linear energy transfer (or the density of ionization per unit
path length) increases, the magnitude of the biological effect goes through a maximum, A rigorous
discussion of the mechanisme involved is not atiempied bere. Then, for the heavy charged particles
(alpha particles and protomns), the biological effect will generally be greater thanfor gamma rays. Since
most of the energy transmitted to tissues from neutrons is through the ionization produced by recoll
protons, it would be anticipated that for a given physical dose (erg-gm~') neutrons would produce a
greater bjological effect than gamma rays.

For military medical purposes, an important RBE, but not the only one desired, is the RBE
for bomhb neutrons for acute lethality, that is for the LI)g,. This RBE has not been determined directly.
An acute response which has been thoroughly studied is the spleen-thymus weight loss. Field tests
indicate that this RBE is approximately 1.7 in mice.34 Based on this value the spleen-thymus RBE for
man has been estimated to be 1.3.35 Until more definitive data become available, these values may
be considered to apply for the LDy, RBE. ol

For 60-in. cyclotron fast neutrons with a different spectrum, the LDy, RBE in dogs is approxi-
mately one. % This indicates that the estimate of 1.3 may be high and that the RBE for acute lethality
for man for bomb neutrong may be one or less.

2.4 ACUTE RADIATION SICENESS

2.4.1 SYMPTOMATOLOGY

For military medical purposes the acute radiation syndrome should be considered from the
following standpoints:

1. symptomatology and relationship of symptomatology to continued military effectiveness,
2. incidence and duration of symptoms as a function of dose, and
3. incidence of lethality a8 a function of dose.

For man the most useful sources of information are (1) the evaluation by the ABCC of the
Hiroshima and Nagasaki e:ltperiel'u::es,1 {(2) experience derived from clinlcal radiation therapy, and
(3) the evaluation of the Marshallese exposed in March 1954.2 Unfortunately, all these sources of
information contain basic uncertainties precluding good quantitative conclusions.

The Hiroshima and Nagasaki data are valuable for adescription of disease, but cannot be closely
correlated with dose because the dose is not known nor are estimates of the dose good. Clinical radia-
tion therapy experience is complicated because mostis partial bady radiation, and in addition is compli-
cated seriously by the underlying disease for which the patient is receiving therapy. Furthermore,
many patients have iroparted to them some degree of awareness of nausea and vomiting as possible
complications of radiation therapy, making this symptom difficult to evaluate. The knowiedge gained
from the study and treatment of the Marghallese is also complicated by uncertainty as to the dose re-
ceived and the effect of a changing dose rate.
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Figure 2. 4;1 Diagrammatic Representation of the Penetrating Radiation Syndrome in Man
Following Acute Exposure and the Stages at Which Death Commonly QOccurs. 37 The height
of the vertical lines represents the severity, and the distance between thelines represents
relative incidence of various conditions denoted at the bottom of the graph,
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Figure 2. 4:2 Diagrammatic Representation of Radiation Syndrome. 38 The line represents
the number of individuals dying per day. The degree of blackening represents the severity
of the symptoms.
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The situation 18 such that for the acute radiation gyndrome, the symptoms encountered can be
described, Ewvaluation in relation to dose, more importantly quantiiative evaluation as to incidence,

particularly inthe range from no symptoms to 50 to 80 percent individuals symptomatically affected is
not available. There is no information available for the case of protracted radiation.

The earliest symptoms are nausea and vomiting, ienerauy occurring within 8 hours after a
single acute wholebody penetrating gamma ray exposure37, 38 (gee Figs. 2.4:1 and 2, 4:2). Hereafter in
the discussion, it is implied that the air dose figure mentioned does not include scattered soft gamma
radiation. The incidence of nausea and vomiting as a function of dose is not well known., Probably
below 50 to 100 r (air gamma exposure) there are no symptoms, and above 250 to 300 r there is a 100
percent involvement, but between no involvement and 100 percent involvement, the data are meager.
The sickness dose for 50 percent of the population exposed is estimated as 150 r. 3% In a study of a
small group (approximately 20 patients) treated with 200 r (skin dose} unilateral almost whole body
radiation exposure, nausea and vomiting was noted in approximately 30 percent. 40 of the Marshallese
exposed ta 175 r (air dose) over a period of approximately 46 hours, with 75 percent of the dose deliv-
eredin 36 hours, nausea was noted in two-thirds and vomiting and diarrhea in one-tenth. At dogesbelow
200 r there are no additional symptoms. When both nauvsea and vomiting exist, it should be presumed
that such individuals are not capable of satigfactorily performing a military task, There is np informa-
tion on the capability of man to perform wosk following an exposure to radiation sufficiegt to induce
these symptoms, nor is there adequate information as to the duration of these symptoms, Other
clinical states involving nausea, vomiting and diarrhea are generally associated with malaise and
lassitude sufficlent to prevent the carrying out of useful physical work. In addition, the unevaluated
and unknown degree tc which individuals are motivated may play an important role. For the present
the assumption of inability to perform a task is probably the best that can be made. The time required
for recovery from these symptoms to full working or even partial working capability is not known;

posgibly a few days are sufficient.

At higher dose levels additional manifestations of radiation sickness appear, gemerally after a
latent period of a few days. Because of the séarcity of data, it is difficult to describe the precise time
course of the onset and extent of involvement, although various tables have been prepared in general,
having their origin in the Hiroshima and Nagasaki experiences.

Following the initial nausea and vomiting, there is a latent period or asymptomatic period
varying from approximately 1 to 3 weeks at 200 r to perhaps of the order of 1 week in the mid-lethal
range (400-50D r). Following the asymptomatic period, at 2 to 4 weeks after exposure, malaise and
loss of hair (epilation) occurs. Small hemorrhages (petechiae) in the skin and mouth appear. Ulcer-
ations in the mouth with symptoms similar to that of a sore throat plus bieeding from the gums occur.
Similar ulcerations in the bowelresultin diarrhea. These complications are associated withalterations
in the blood clotting mechanisms and a low white blood count. In the more heavily exposed (within the
lethal range), anorexia, weight loss, and fever become the prominent symptoms. The red blood count
decreases, and the symptoms become more pronounced, leading to death. Analysis of the Japanese
experience indicates that percentage lethality can be correlated with lowest white blood count atpartic-
ular times (see Fig. 2.4:3). 4] In the survivors there is a variable period during which recovery takes
place. In the range of moderate to marked symptomatology, recovery to the point of being able to per-
form usual tasks may be of the order of 3 to 6 months or even longer.

At supralethal doses, 1500 r or greater, central nervous system alterations have been observed
in monkeys. At very high doseg (10,000 r or greater) delivered-in less than an hour. death may super-
vene during the irradiation or within a few hours. In monkeys lethargy, convulsions, and other neuro-
logical manifestations cceur. 42 No data are available for man in this dose range.

At present it is not possible to predict for a given air dose for either unilateral exposure or for
infinite plane source geometry the percentage lethality. It is recognized that for unprotected exposure
in a fallout field there is received a combined beta and gamma radiation. Consideration of the biclog-
ical effect of this type of mixed radiation is not possible at present. Probably below 200 r air dose
there will be no lethality, or at most, a few percent, while above T00 r there will be few survivors.
Where in this range the LD;, falls is open to question. By convention it has been set at 400 to 450 r
{with an unspecified source and source geometry), but this is not fixed. Furthermore, the shape of the
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mortality ve dose curve is not known for man. In experimental animals, the shape of the mortality vs
dose curve has been determined in a large number of experiments. A convenient method of expressing
the result ia the probit transformation, since this transformation results in a straight line, 43 However, .
it must be pointed out that these studies in animals, except for a few such a8 those carried out in
mongrel dogs, have been conducted with pure bred laboratory animals of the same age. To postulate
similar results from a probit tranaformation in man is not reasonable. In addition, the effect of chang-
ing the source geometry ia not knmown for man, although it would be expected that a change from uni-
lateral to bilateral exposure or to infinite plane source geometry would produce a significant decrease
in air dose LDy, as it does in the pig. 44 The original analyses of the Hiroshima and Nagasaki data and
speculation led to the adoption of 450 r as in LDy,. The experience gained from the Marshallese sug-
gests a lowering below 450 r,
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Figure 2. 4:3 Correlation Between Human Mortality and White Blood Count. 41

It should not be thought that these indicate basic differences; the original figures derived from
the Japanese data are subject to considerable error with regard to dose and are for unilateral single
short duration radiation, while the Marshallese data result from a more protracted radiation, with an
infinite plane source geometry plus an unknown quanttty andunknown effectof beta radiation to the skin,
and from the opinion that the dose received was on the borderline of lethality (50 to 100 r more would
produce some mortality). Recent review of the Japanese data in the light of newer weapons test data
suggests an increase of the LDy, to approximately 850 r (air dose). Weapon yield, height of burst, air
density, and shielding uncertainties for the Hiroshima and Nagasaki bombs are such as to cause this
estimate to be questioned seriously. In fact, the error assigned is approximately + 200 r,

2.4,2 CURRENT THERAPEUTIC CONCEPTs?

As a basis for discussion, it must be presumed that at present there is no specific curative
treatment for the acute radiation syndrome in man. For the experimental animal, there are a number
of modalities used eithler before or after irradiation, leadingto reduction in acute mortality. These are
(1) radiation in the hypoxic astate, {2) transfusion of bone marrow or spleen or homogenates of bone
marrow ©Or spleen, (3) various chemicals, e.g., cystein, (4) antibiotics, and {5) blood tranafusiona.
Only the last two are, at present, to be considered applicable to man.

In clinical radiation therapy amelicration or reduction in the incidence of rausea and vomiting
has been claimed for a number of diverse agents, e.g., (1) adrenal cortical hormones. {2) adreno-
corticotrophic hormone, (3) various vitamin preparations, and (4) beta-mercaptoethylamine. All of .
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these are of somewhat dublous value. Lacking a specific therapeutic agent or regime, treatment has
been symptomatic and supportive. Bed rest, fluids, antibiotice and transfugions have been used as
indicated.

2.4.3 PROBLEM OF PARTIAL BODY SHIELDING

Clinical radiation therapy experience and extensive experimental animal research indicate that
shielding part of the body is effective in reducing the magnitude of the actue fadiation injury and is
associated with an accelerated recovery, particularly of the bone marrow. It is probably this latter
fact that accounts for the reduction in mortality. The value of such shielding in military situations is
difficult to estimate, The degree to which this permits an individual to raige head and shoulders above
ground level while in a foxhole or be exposed through an aperture in some other shielding and avoid the
consequences of radiation injury is not known. An additional problem in shielding considerations is the
fact that the more destrable types of shielding for neutrons are not the same asfor gamma rays. It has
been found that for shelters with about 3-1/2 ft or more overlay of earth, gamma radiation is the most
important factor even when the ggtside neutron flux, as measured with a sulfur threshold detector, was
2.4 x 10" neutrons-cm~*orless” ", a flux which is approximately four times the LDy, (see Table 2.2:1).

2.4.4 DESCRIPTION OF BETA “BURN"’

For localized beta radiation the best clinical description available is that of the results in the
Marshallese. In these individuals the minimum time for development of sgkin lesions was 12 to 15 days.
The first indication of the development of a skin lesion was an increage in gkin pigment in localized
areas. This was followed by scaly desquamation in the central portion of the lesion, leaving an area of
pink depigmented skin, Gradually the pink area spreads out into the darker-pigmented area, with
eventual complete healing. In other areas, presumably where the dose to the skin was greater, blisters
developed which opened, leaving a raw, weeping area. This is comparable to a second degree thermal
burn. New skin covered these areas in 7 to 10 days, and was followed by pigmentation. Unfortunately
the dose to the skin could not be measured and cannot be calculated or estimated. Presumably lesions
which developed blisters resulted from a dose to the skin, which, if the total body skin were involved,
would be lethal. However, if lethality is comparable to that observed in thermal burns, involvement of
less than 100 percent of the skin would result in lethality. For example, an untreated 33 percent body
surface area second degree thermal burn is in the lethal range. Probably similar results wculd be
obtained with beta radiation. Table 2, 4:I1 shows the surface dose required to produce recognizable
epidermal injury for pigs, sheep, rabbits, rats, and mice for several different isotopes. Except for
s¥ this dose is from 1500-5000 rep. For S% it is 20,000-30,000 rep. Higher doses are needed when
s is used, since only a small fraction of the beta particles will penetrate to the sensitive layer of the
skin. For other weak beta emitters similar considerations will apply. Calculation of the dose at the
sensitive layer of the skin under theae conditions is difficult and not reliable.

2.5 LONG TERM (LATE) EFFECTS

2.5.1 SHORTENING OF LIFE SPAN

The long term effects of irradiation can besgt be considered from the standpoint of reduction tn
life span. 47 Animal experimental data clearly indicate that one of the consequences of total body
X-radiation is shortening of life span. This reduction in life span is conspicuous in the case of those
who develop leukemia, but other tumors may have their origin in radiation, However, in many in-
stances, there is no specific pathological change attributable to X-radiation but a genera] pattern of
premature aging. For this reason, shortening of life span,which represents the end result of all the
injury produced,is probably the mostsensitive and eatiefactory criterion for determination of the long-
term hazard.

There are several different mathematical approaches to the study of this problem. These are
the adaptation of the Gompertz formulation to radiation, the Bacher, and the Blrir theories. 417
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From the available apimal data, the life span shortening for a single acute dose is on the
average 3 percent per 100 r, The relationship between reduction in remaining life span and dose is
linear. For older animals, theory predicts that the percentage reduction of life span increases approxi-
mately threefold. Fig. 2.5:1 shows the predicted resulta for chronic radiation,

What can be said about man? At pregent, there is only one good postential opportunity for cb-
gervation and that is the experience at Hiroshima and Nagasaki. It is hoped that in the near future the
ABCC will publish their findings in this field. It is pogaible, but not probable, that some data regarding
shortening of life span from a sublethal dose of radiation may become available from the continuing

TABLE 1. 4:1

Surface Doses (rep) Required to Produce Recognizable Epidermal lnlury’

Investigator Animal Isotope Average Energy, Mevy Surface Dose, rep
Henshaw, et al. Rata pH 0.5 15004000
Raper & Barnes Rats P2 0.5 4000

Raper & Barnes Mice P 0.5 1500

Raper £ Barnes Rabbits P 0.5 5000 =
Lushbaugh Sheep sr™ 0.3 2500-5000
Moritz & Henriques Pigs o 0.05 20, 000-30, 000
Moritz & Henriques Pigs Co™ 0.1 4000-5000
Moritz & Henrigues Pigs ce'¥ 0.2 2000-3000
Maritz & Henriques Pigs sr¥ - 0.3 1500-2000
Morttz & Henrigques Pigs ™ 0.5 1500-2000
Moritz & Henriques Pigs b el 0.7 1500-2000

study of the Marshallegse. However, it has recently beep reported that radiologists have an average life
span of 5.2 years (approximately 12 percent) less than other physicians not exposed to radiation. 48
This reduction i5 compatible with the extrapoiation of the animal results to man and estimates of the
exposure of radiologists to radiation. Brues and Sacher have developed two postulates for the extra-
polation from species to species, These are:

1. For the single acute doge - the percentage reduction in life span ig the same.

2. For chronic irradiation - to produce the same percentage reduction remaining inlife span,
the dose rate to an individual of species 2 should be

D, = Do (2.5:1)
where N
Q= life span ‘species 1
* 7 'life span species 2
D, = chronic dose rate to species 1
i)i = chronic dose rate to species 2
Thus, for man, the duse rate to produce the same percentage decrease in life span should be approxi- .

mately 1/18 that observed in the rodent.
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There are two features of Blair’s theory and method of analysis that require further explanation.
The Blair theory predicts that the acute dose LDy, decreases with age and that this decreage ig linear.
This hag been tested in only a very limited way, and indeed the acute LD;, dose does decrease with age
in rats, but the data are not sufficient to determine the rate of decrease of LDy, with age. Because of
certain pulmonary complications observed in oider rats, extension of this observation to other species
may not be warranted, The Gompertzr function type of analysis also predicts that the LDy, should de-
crease with age. Since aging and frradiation injury are additive, older animalg will require less
additional injury, whatever the source, to produce death if the injury produced is cnmpa.rahle to normal
aging. For man, there is no information available on this aspect.
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Figure 2. 5:1 Predicted Shortening of Life Span from Chronic Radiation as a Function of
Dose Rate for Rodents, with Extrapolaton to Man, Extrapolated results for man are
given based on the Blair Theory, the Gompertz Function, and the Sacher and Brues Pos-
tulate. The results of the Sacher and Brues Postulate are almost identical to those ob-
tained and plotted from the Gompertz Function.

2.5.2 CATARACTS4®

Cataracts are changes in the lens of the eye which can impair vision. The dose to produce
cataracts in man is not known with any degree of certainty. It is probably relatively low for X-rays,
in the range of the LDy, and considerably lower (estimated at 50 n or approximately 100 rep) for
neutrons. Cataracts are a particularly serious potential complication of neutron radiation. The RBE
for cataract formation from neutrone is approximately 10 to 20.

2.5.3 FERTILITY?®
Fertility is difficult to evaluate quantitatively. Depending upon the dose, there can be anything

from a mild depression of sperm formation up to permanent sterilization. The dose for permanent
sterilization is inthe range of slightly larger than the lethal dose. In maies 2 single sublethal dose re-
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sults in a decrease in sperm count that can be considered as relative sterility. Recovery is a slow

process, taking up to one ye:a.r.4 For the female, doses of 125-150 r produce amenorrhea, and 170 r

produces sterility of 12 to 36 months duration. Parenthetically, it is of interest to note that survivors .
of serious radiation accidents have produced children,

2.6 GENETIC EFFECTS%8

That radiation resuits in genetic changes is unquestioned. While much work has been done on
the genetic changes induced in lower organisms, particularly the fruit fly, there is little mammalian
experimental data and thatalmost entirely in the mouse, The great uncertainty for man isthe relation-
ship between dose and number of mutations produced and their manner of expression. In general, it is
assumed that radiation-induced mutatione are deleterious. Genetic changes are a problem for the
survival of mankind when the whole population or a large fraction of the population is heavily exposed;
radiation of small groups is more & problem in the concern of the individual for the welfare of his
progeny than for the survival of mankind but cannot be neglected, With the increasing development
and use of various radioactive isotopes for nonmedical purposes and the use of reactors for propulsion
and power systems, large numbers of people may be exposed to radiation. Thus, the small groups may
become considerably larger in the near future.

There are several observations regarding the genetic changes induced by radiation which may
be summarized as follows;

1. Radiation induced mutationa are deleterious--if not all, most are.
2. There is no recovery from radiation-induced injury ag it concerns genetic changes.
3. The amount of injury produced is directly proportional to the total dose.

From experimental observations in fruit flies and mice, it is suggested that a dose of 30-80 r
to the entire populatiom will double the mutation rate. The consequences of thig are difficultto estimate,
Particularly s0 since the manner of expression of many of these genetic changes is not completely .
understood; in fact, is but little understood. These changes could find expreggion in termeg of various
constitutional deficiencies, varying from those which result in a shortening of life span to those in-
volving the capacity to perform mental tagks. It is entirely possible that doubling the mutation rate
could be a serious burden, economically and l.ued.it:all:,r.39 It has been recommended that the average
dose for the reproductive period be kept below 10 r above background. For some individuals, this may
be exceeded but should be limited to a total dose of 100 r, of which no more than 50 r ghould be ac-
cumulated before age 30. 48

2.7 EFFECT OF PROTRACTION AND FRACTIONATION 47

Both amumal experimental evidence and clinical radiation therapy experience clearly indicate
that protraction of the delivery of the dose for days, weeks or months, or fractionation of the dose over
sumilar periods of time results in a smaller biological effect, generally a lower incidence of lethality
that does a single dose of the same magnitude delivered over a period of minutes. This doea not in-
clude genetic effects.

This implies recovery from the injury produced by radiation. The rate of recovery may be
measured by admunistering a sublethal dose, generally 1/2 LDy, and then at various later time in-
tervals determining the additional dose required to produce 50 percent lethality. Such experiments
show that the amoumt of the second dose to produce 50 percent lethality increases with time. If the
logarithm of the difference between the single dose LDy, and the second dose to produce 50 percent |
lethality is plotted ag a function of time, a straight line is obtaiped for short times, implying that re-
covery is a first order process, (LDy, - Second Dose) = (First Dose) e-9t. However, experimental
studies show that recovery is not complete; the irreparable component amounts to about 10 to 20 per-

cent of the injury produced.

In the mouse the recovery rate is from 10 to 20 percent-day~!, in the rat 7 to 10 percent-day™t,
in the dog about 4 to 5 percent-day~, and in the monkey 14 percent-day~!, The recovery rate for man
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is not known. Studies of the recovery rate for erythema (reddening of the akin) in man indicate much
larger recovery rates; however, this is not the recovery rate desired for military medical purposes.
Actually, the recovery measured in lethalily experiments is not a single physiclogical process; it re-
presents the net recovery of all the physiological processes necessary for the matntenance of life, and
with each weighted according to its significance in the maintenance of life.

The effective dose isdefined interms of the results of a gingle acute dose, and is bestillustrated
by an example. If the acute dose to produce 5O percent lethality within 30 days is 400 r, then the
effective dose of any system of fractionation or protraction that produces 50 percent mortality in 30
day is 400 r, although the physical dose may be much greater than 400 r.

From the Blair theory, for the particular case that the animals are young, that each dose is
administered within a short period of time, and that death occurs in a few weeks
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D (2.7:1)

Deﬂ = | nf + (1-D

where

f = fraction of injury, irreparable

D = single dose

n = number of single doses D -

& = rate of recovery, day™

At = interval between single doses, days,

For man it is recommended that © = 0. 05 day™ be used rather than the more commonly quoted
6 =0.29 day™, which is based on animal data and a limited interpretation of animal data. It is re-
commended that a value of { between 0.10 and 0. 20 be used, although there is no evidence to supgort

this recommendation. Other relationships proposed for calculation of the effective dose are those of
Loutit, that in the French EAW, and that of Hoffman and Reinhard.

Loutit proposes that

- - )
Dy = t° D{O) (2.7:2)
where
D(0) = constant dose rate, r-day™
k, = constant = (0, 84
t = time of irradiation, days.
The French EAW proposed that
_ D(o) t
Deff = Ts- 1-{1-ky) (2.7:3)

where ky; = constant = 0. 36,
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Hoefiman and Reinhard propose that

t
= i 1-k, .
Deff = D(O) W] (2.7.4)

where k, = constant = (.96,

These latter three equations are concerned with one parameter, that relating to recovery, and make no
provision for the accumulation of an irreversible injury. Fig. 2.7:1 shows that there is considerable
disagreement between the results predicted by these equations. In the absence of data, no one can be
selected as being applicable to man.
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Figure 2. 7:1 Comparison of the Various Equations Purporting to Calculate the Effective
Dose for Chronic Radiation at 5 r per Day.

In terms of the Blair theory, 1t may be shown that for a fallout fleld the effective dose rate is
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where
DE+1)x doserate at H+1 br

t = time of entry into fallout field (units of time after detonation).

en
t,, = time of exit from fallout field {units of time after detonation).

ex

1 100 200 300

I
-
L4 - Phyaical 1.4
Duse
B |
/
1.2 [ 1.2
!

Elfective
Doseld 1o

1.0} -

AN

0.8

o
o
T
!
l
o
+
]
H
+
v
i
e -

\
\
\
/
/

0.6

W e |

n-‘ 7

02 0.2

Time in Field, hr

Figure 2.7:2 The Ratio of the Physical Dose and the Effective Dose toc H+1 Hour Dose
Rate for a Fallout Field Using the Blair Equations as Modified for a Changing Dose Rate,
Time of entry into fallout field is H+12 hr. Curve I shows the predicted effective dose
for the condition that f =0.2 and ¢ = 0.04 day™!. Curve II shows the predicted effective
dose for the conditions that { = 0.2 and ¢ = 0. 24 day™.

Fig. 2. 7:2 shows examples of the calculations that may be carried out. Particularly of interest is the
effect of variation of 8.

2.8 INTERNAL CONTAMINATION

2.8.1 SOURCE

The radioactive isotopes produced in the process of figsioning of uranium and plutonium in an
atomic explosion are widely distributed over the entire world by the winds. There is a slow settling of
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these particles from the atmosphere, the rate of descent being governed by particle size and shape, and
the location of the fallout being dependent upon the rate of descent and wind patterns., There are a pum- .
ber of variables involved, none of which is completely understoced. 50 The quantity of material in the
stratosphere and the rate of movement from the stratosphere to the troposphere have been estimated,

the latter having a half-time of approximately 10 years and the former has been estimated as varying
upwards from a few percent to over 50 percent for a land burst.

2.8.2 ROUTE OF ENTRY INTO MAN

There are three routes of entry: inhalation, ingestion, and open wounds,
1. Inhalation

During the period when radioactive particles are falling out, inhalation is a route of entry into
the body. After gettling on the ground, these particles can become airhorne again and thus available for
inhalation. The distribution within the respiratory passage of radioactive particles inhaled is strongly
dependent upon particle size, 1 general,

a. Particles less than 0,1 micron are inhaled and then exhaled,
b. Particles 0.1 o 3.0 microns reach the lungs and are deposited in the alveoli,

¢. From 3.0 to 10 microna particles reach and deposit themselves upon the walls of the
trachea, bronchi, and bronchioles, and are worked up to the larynx and ultimately swallowed.

d. Above 10 microns particles are filtered cut in the nose. Rainfall occurring at the time of
passage of the atomic cloud has been shown to result in an increase in the urinary Sr* and
' content of man, strongly implicating inhalation as a significant route of entry. 92

-

2. Ingestion

Radioactive materials settling upon the ground may be iacorporated into or coat the surface of
plants which are subsequently eaten by man or by livestock which later are eaten by man. Evaluation
of the importance of this route of entry and the hazard involved is complex. Movement of fission
products through the soil, uptake by plants, use of plants for animal fodder, and subsequent ingestion
by man a1l are important and not well documented factors. The presence and amount of Sr* in dairy
products is well documented, although the details, particularly quantitative, of the movement of this
Sr¥ through the biosphere are lacking. 93

The relative significance of these two routes of entry is still to be determined.

Water does not appear to be a gignificant route of entry of fission products into man.%? How-
ever, this may not be applicable for local fallout.

. 3. Open wounds

Open wounds do not appear to be a significant route of entry into man except in unusual cir-
cumstances.

2.8.3 METABOLIC FATE

The metabolic fate of the fiesion products is dependent upon a number of factors. For each
elementit is different, andfor each elementand chemical species of a given elementit may be different.
For example, particles inhaled and reaching the alveoli, if they are soluble in body fluids, are ab-
sorbed, reaching the blood stream, and are gubsequently distributed throughout the body in accordance
with the manner in which the body treats that particular compound, while if insoluble, the particles may
be concentrated in the lymphatic system of the lung and remain within the lungs and lymph nodes
draining the lunga for that individual’s lifetime, constituting local areas of intenge radiation. The con-
siderations of particle size and chemistry must be applied to all of the fission products.
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Within the gastro-intestinal tract, similar considerations apply. For materials that are ab-
sorbed, the distribution in the body varies. For example, iodine, as lodide, ig taken up by the thyroid
gland and subsequently released to the blood stream as organically bound iodine.

Probably mostimportant is the fact that many of the fission products that reach the blood stream
are taken up and retained for long periods of time by bone. Animal experimentation and the history of
the radium dial workers indicate that this is a serious problem leading to serious complications, such
as malignant bone tumors, although other legs serious pathology can and does occur. In fact, in
animal experiments it can be ghown that such bone degoaition can lead to shorteming of life span in the
absence of specific pathological changes in the bone, 3

2.8.4 BIOLOGICAL EFFECTS

The quantities of most materials that can gain entry into the body are such that if they are not
normal metabolites, the quantity presentis not sufficient tobe toxic merelyby virtue of their chemistry;
the injury produced is that of trradiation of the tissues. Depending upon the tissue involved, time
factors, and the dose and dose rate, a wide range of pathological changes may occur. These will vary
from no discernible apatomical change, but with subtle physiological changes for low doses, to the
production of malignant tumors at higher doses. The latent period for these changes may, as in the
case of radium dial workers, be up to 10 to 20 years or more.

2.8.5 THERAPEUTIC ASPECTS

The therapeutic problem is largely concerned with a particular class of isotopeg, namely, those
associated with deposition in the bone and commonly called ‘‘bone seekers.’’ Unfortunately, therapeutic
measures now under investigation, principally removal by chemjcal agents, are not particularly
promising. 99 Therapy of the radiation injury pFoduced by internally deposited radicactive isotopes is
as unsatisfactory as for external radiation; there is no good means of treatment.

Analysis of the biological properties of the fission products has indicated that the long-lived
isotope of strontium, Sr*', is the greatest hazard, although it is not the only long-lived isotope that may
be hazardous. Project Sunshine has reviewed the biological properties of strontium, the worldwide
distribution, in particular in food and water, and the present levels of body burden of Sr"".f':i The fact
is that Sr* is now present in human bone and is thought to be derived from food, principally dairy
products. At present the quantity of Sr® present in man is low compared to the estimated toxic leveis.
However, the change in bone Sr' content with time is not known; a good evaluation of the tolerance
level islacking and recent work implicates an inhalation route of entry as at least partially responsible
for the present body burden. While considerable attention has been directed towards Sr*, other fission
products can and do gain entrance to the body.52, 58 It is the bone deposition of Sr* that gives rise to
concern; the majority of the other fission products are either produced in small quantities compared
to strontium, are relatively rapidly excreted or have short physical half-lives. In the latter class fall
the iodine isotopes. Nevertheless, they will contributeto the injury produced and should not be ignered.

2.9 COMBINED INJURIES®": 58, 59

Experiments in swine, dogs, and in rats indicate that the lethality of combined nuclear radiation
damage and thermal injury is greater than would be expected. These studies have been carried out by
determining the lethality produced by thermal injury alone, by radiation injury alone, and by combined
injuries. For example, thermal burns and radiation exposures that, by themselves, would result in no
mortality give rise to significant mortality when combined. Also thermal burns or radiation injury at
levels that result in low mortality when combined lead to considerably greater lethality than expected.
Quantitative translation of this data to man is not possible at this time. Nevertheless, it should be
anticipated that in man the game findings will occur; namely, that these effects are notsimply additive,

It is also probable that simtlar results will be obtained when radiation is combined with other

forms of traumatic injury. A calculation of the magnitude of this effect is not possible. The variety of
types of traumatic injury is such that any calculation would be of littie value.




2.10 MAXIMUM PERMISSIBLE LEVELS OF RADIATION

As a fundamental premise it must be considered that all radiation is deleterious. However,
radiation and certain radioisotopes have come to play important roles. For example, great strides
have been made in medicine since the introduction of X-rays for diagnostic purposes; radicactive
igotopes have proven to be a potent tool in medical research, and to have therapeutic value in certain
diseases; the industrial uses of X-rays and radioactive isotopesa are increasing rapidly; and finally,
reactors are being used for the production of power. With all these beneficial uses, there comes the

hazard involved.

2.10,1 EXTERNAL RADIATION

Since the introduction of X-rays, as more data onthelate effects of irradiation became available,
there has been 2 progressive reduction in what has been considered to be a ‘‘safe’” maximum level of

exposure.

Handbook No. 99 (National Bureau of Standards) reviews the present ‘‘tolerance’’ levels. In
general, it is recommended that for continuous total body X or gamma radiation, the maximum permis-
sible exposure be 0. 3r-week™!. However, it shos‘.ld be mentioned that this number is being reviewed,
and that probably some reduction will be made, 1

2.10.2 INTERNAL RADIATION

The maximum allowable concentration of radioactive isotopes in the body is largely based upon
the assumption that the dose rate to the critical organ be no greater than 0. 3r-week™. Because of
varying biological properties, the critical organs vary with different isotopes. In general, bone and
bone marrow are the critical organs, although not for all isotopes. Handbook No, 52 (National Bureau
of Standards) lista values of the maximum permissible amount for a number of igsoctopes. Calculation
of these quantities is complex, and depends upon the distfibution withinthe body, the radiations emitted,
the biclogical turnover time, and for alpha emitters an estimate of RBE or comparison with radium,
There are many uncertainties involved, and like the limits set for external radiation, they are being
reviewed,
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Chapter 3
INITIAL GAMMA RADIATION

3.1 INTRODUCTION

Initial gamma radiation 18 here taken to be the gamma radiation emitted during the first 60
seconds after the detonmation of a nuclear weapon. The initial gammas are accompanied by neutron
emisasion {ee Chapter 4) but in moat operational situations (except for sbort distances from the point
of burst, for thin casing weapons and/or high altitude, low atmospheric density bursts) the initial
gamma contribution to the total dosel (for unshielded receivers) is much greater than that from neu-
trons. About 5 percent of the fission energy appears in the form of gamma radiation (both initial and
residual). This figure does not include gammas produced as a result of neutron capture.

The gamma radiations can stem from severzl processes but only two processes account for
esgentially all of the initial gamma dose. The first of these Is the gamma radiation produced as a
result of capture of bomb neutrons in atmospheric nitrogen.2 About 11 Mev of gamma energy are
released per neutron capture in nitrogen and the gammas produced are primarily in the energy range
of 4.5 to 11 Mev. The second source is the gammas emitted by decaying fission products and a total,
over all time, of about 5 Mev of gamma energy is produced per fission. The energy of these figsion
product gammas is much lower than that of the nitrogen capture gammas, their average energy being
about 1 Mev. This chapt=r dea!s with the doses resulting from these two sources. (A third and rel-
atively unimportant gamma source, which we do not consider, is the gammas which are emitted dur-
ing the fission process rather than from fission producis. Most of the prompt f{ission gammas are
thought to be absorbed in the weapon components, )

It is convenient for our present purposes to classify weapons in terms of low, intermediate,
and high yield. Low yleld weapons will be defined as those below 10 KT, intermediate yield weapons
those from 10 to 100 KT, and high ylield weapons those above 100 KT. These divisions are appro-
priate for the phenomenology involved and facilitate the presentation of reaults,

In addition, the gamma radiation from all fisaion and boosted fission weapons, independent of
yield, will be taken as resulting entirely from the fiagion reaction. (The small contribution of gamma
rays due to the fusion reaction in boosted weapons will be neglected,) The gamma radiation from
thermonuclear weapons results from both fission and fusion reactions,

The gamma dose received at a point is dependent on
1. the characteristics of the source, i.e., its strength and distribution in space and energy,
and

2. the characteristica of the medium between source and receiver, i.e., the distance and
materiale traversed by the gammas.

The gamma source strength and distribution are determined by the bomb yield and design.
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For a given design the source strength always varies linearly with the yield. The yield affects the
gamma dose at the receiver in a second important manner, however, As the bomb yield increases
above about 10 KT, the shock effects become increasingly important, The shock wave tends to re-
duce seriously the attenuating properties of the atmosphere around the burst point and therefore to
increase the amount of radiation arriving at the receiver. The design of the bomb affects both the
source strength and ita distribution in gpace and in energy. That portion of the gamma dose arising
from the (n,y) reaction In N will cbviously be affected by the spatial distribution of captures in
nitrogen. This spatial distribution may be changed by modifications in the bomb design which alter
the number of neutrons escaping into the air and,or their spe

The distance betweensource and receiver reduceathe dose, due to a purely geometrical factor.
For a point source which, in most cases, fairly well approximates the Initial gamma radiation source,
the decrease of dose with distance followa the inverse square law.

The media betweenthe saurce and the receiver attenuate the gamma radiation by the processes
of absorption and scattering. Absorption completely eliminates the gamma ray while scattering re-
duces its energy and changes its direction. The gammas that arrive at any given receiver may do so
with or without having experienced scattering during their flight from the source. The fraction that
arrives directly from the source without scattering may be represented by an exponential function
whose argument depends upon distance, upon the physical properties of the medium, and upon the -
energy of radiation. Determination of the scattered {raction is much more complex. For relatively
simple geomeiries, scattering can be treated accurately through the use of a function known as the
buildup factor. 3 Calculations of the buildup factor have been made for only certain of the situations
of interest. For more complicated and realistic gecmetries, determination of the scattered radiation
t5 quite difficult and up to the present such calculations have not been done, Thus, should the straight
line path between source and receiver lie in one medium whose density varies sharply along the path,
or in two different media, or should the path lie close«~to the boundary between two media, it is not
possible at present to rely upon previously calculated results to compute theoretically the scattered

dose.

The medium usually traversed by the gamma rays i8 air, although other materials in the vi-
cinity of the burst point or receiver may also be of importance. The presence of water in the air, as
vapor or liquid, does not appreciably alter its properties for the purposes of gamma ray transmission.
On the other hand, changes of air density resulting from changes in temperature or pressure do affect
gamma ray transmission characteristics in air, In particular, as noted previously, changes in air
density due to the shock effect of intermediate and high yield weapons, have a very marked influence
on the attenuation provided by the atmosphere and therefore on the gamma dose at the receiver.

There are 2 number of uncertainties in our knowledge of the source and attenuating media
characteristics described above. Among the most important of these are:

Uncertainties in source characteristics

1. Only limited information is available on the spectrum of fission product gammas, 4

2. The importance of gamma rays produced as a result of neutrons interacting with weapon
materials is not well known. Not all of these neutron reactions are understood and the
number of neutrons interacting will vary depending upon the bomb design. (It is thought,
however, that inmost cases this gamma sourceis probably small compared to the nitrogen
capture and fission product gammas, )

3. The spatial distribution of fission products, bomb and blaat debris within the fireball and
the rise of the fireball with time during the initial gamma period are not well known. This
has led to considerable uncertainty in the dose at small distances.

Uncertainties in attenuating media characteristice

1. The influence of the blast on the medium is difficult to calculate accurately.
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2. Computations of buildup factors for scattered radiation in the atmosphere (which has con-
stant composition buta density which varies exponentially with elevation) are not available.
The use af buildup factors based on average quiescent air density between the point of burst:
and the receiver, ag described in Chapter 1, may not be an entirely adequate treatment.

3. Theeffects of the two-medium geometry and of the complications introduced in the scattered
dose by the air-earth boundary have not been adequately evaluated,

4. The extension of the fireball into the two media, as sometimes occurs, requires a more
elaborate treatment of both direct and scattered doses,

In spite of the above uncertainites it is possible to get usable results for a number of situations
of interest. These results are primarily based on experimental data and simple theoretical models.
In some cases, for example surface bursts forlow and intermediate yield weapons, the data are plen-
tiful; in others very few or no adequate measurements have been made. Transformations of results
from one situation to another have been made when possible and appropriate.

The following sections of this chaptertreat in turn the dose-distance relations for surface bursts
{Section 3. 2}, air bursts (Section 3. 3) and underground bursts (Section 3.4). In each of these sections
the discussion is presented on the basis of bomb yield, the dose results being strongly dependent on
this parameter. Section 3.5 presents a summary of information currently available on the delivery
rate of the initial gamma dose and Section 3.6 discusses the distribution in energy of these gammas,
both at the source point and at varying distances from the source. Finally, Section 3.7 treats the
problem of military shielding against initial gamma radiation.

3.2 DOSE-DISTANCE RELATIONS FOR SURFACE BURSTS

A surfaceburst is one which occurson the earth’s surface. A near-surface burst is one which
occurs above the earth’s surface but sufficiently close so that some portion of the fireball intersects
the earth (either at the time of burst or within a few seconds thereafter). While aome vartation in
dose-distance relations is to be expected with variation in burst altitude, surface and near-surface
pbursts will not be distinguished in this treatment but will be lumped under the single classification.
Any error s0 introduced will be quite negligible compared to other errors which must be accepted.

3.2.1 THEORETICAL CONSIDERATIONS

The results presented for surface bursts are based oncurvesfitted to experimental data. These
data are examired and correlated empirically with theoretical considerations which are developed in
the following paragraphs.

The model upon which the theoretical formulations are based is that of a point source of radi-
ation in a single, infinite, and homogeneous medium and separated from a given receiver point by &
fixed distance. The physical situation is, of course, considerably more complicated,

First, the total gamma source, and particularly that portion of the source due to nitrogen
capture, is actually distributed within some volume rather than being concentrated at a point. The
boundaries of the volume source of Iission product gammas are rather well defined by the boundaries
of the fireball, while the volume source of nitrogen capture gammas extends beyond the fireball and
is without sharp definition.? The total initial gamma source is sufficiently well localized, however,
sothat at reasonable distances atsea level (8ay 1000 yd or more) it can be regarded to a good approx-
imation as a point source.s’ 6,7,8,8,10 The validity of this approximation at medium and large dis-
tances has been established in every test where dose-distance measurements have been made. At
distances less than 1000 yd, the point source approximation grows progressively worse.

Second, the initial gamma radiation leaving the source sees at least two different media, earth
(or water) and air, neither of which is necessarily homogeneous. The non-homogeneity of the atmo-
sphere is of primary importance while non-homogeneity of the second medium, earth or water, is
only of minor interest. Non-homogeneity of the atmosphere is the result of two separate causes, the

| T




_ -y

shock wave effect and the normal variations in atmospheric temperature and pressure, At least par-
tial correction for each of thease effects i8 possible. Thus, the effect of the bomb shock wave on the .
air density between source and receiver is treated through the use of the hydrodynamic scaling factor.
The efiect of variations inthe quiescent air density due to normal fluctuations in ambient temperature
and pressure is handled through the use of the average quiescent air density (see Chapter 1). At the
present time we are unable, however, to treat properly the presence of two attenuating media. Thia
problem is additionzlly complicated by the fact that the position of the source volume changes with
respect to the two media during the 60-sec initial gamma period. During the first few seconds after
the burst, part of the source volume may be within each of the two media. As the fireball rises, the
source region emerges completely into the air so that the unscattered dose becomes independent of
the effect of the earth. The effect on the scattered radiation decreases with time until at some height
the effect of the earth on the scattered dose becomes unimportant.

Third, the distance between the source and the receiver i8 not constant withtime since the center
of the fireball rises from 10,000 to 40,000 ft in the first minute afterthe burst, depending on the bomb
yield. A correction for cloud rise is not made in the present treatment.

Derivation of Dose Equation

Within the inherent llmitations of the model established, the equation for the initial gamma
dose may be derived,

Fora point source of gamma rays in a single infinite homogeneous medium whose energy spec-
trum is continuous overan energy range from Epin 10 Epax, the dose at a point (integrated over all
time) i8 given by

-uJE)JR

fE"‘“ CE)S,(B) ¢ = BluSER] @
dE (3.2:1)
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where
D = dose measured at the receiver

C(E) = conversion factor which determines the dose units
S,(E) = gamma source strength per unit energy interval and integrated over all time
H(E) = total linear attenuation coefficlent for gamma rays of energy E

B{4(E)R] = dose buildup factor applying to gamma rays of initial energy E which have penetrated
ut{E)R mean free paths

R = source-receiver distance

A usefu] approximation to Eq. 3.2:1 for the dose from a single source has been found to hold
in most experimental situations, Thus

D= (3.2:2)

where
C = conversion factor averaged over energy

S, = total gamma source strength integrated over all time and energy .
it = apparent linear attenuation coefficient.




' Both the buildup factor and the integration over anergyare now included in the apparent linear attenua-
tion coefficient characteristic of the actual energy spectrum. This Jumping of factors into pdecreases
the accuracy of the resulting expression but it remains useful for ynany circumstances.

Itis customaryto characterize particular bomb bursts by the yield W. Bince fora given weapon
design the source strength 8, is always directly proportional to the yield, W will be substituted for
8, in all further equations. The required proportionality constant between 8, and W is now included
in C, the averaged conversion factor. It should be carefully noted, however, that changes in weapon
design (which usually accompany large changes in yield) may strongly affect the energy distribution
of the source and the proportionality constant between source strength and yield. Both C and umay
therefore be expected t0 vary to some as yet unknown degree with weapan design.

The initial gamma dose Dr results primarily from two agparate sources, fission product
gammas and nitrogen capture gammas. Thus

Dy = W[og, + 5, ] (3.2:9)

where Dyp and Dye are the doses due to fission product and nitrogen capture gammas from & bomb
of unit yield.

Each of the two components of the dose may be expressed by Eq. 3,2:2,

-u. R -4 R
C, e fe C.® ne
D, = W|= + (8.2:4)
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The apparent linear attenuation coefficlent may be expressed interms of the gquieacent air den-
gity p, the apparent linear attenuation coeffi¢ient in standard density air u,, and the corresponding
apparent mean free paths in air A and A,. The quiescent air density p is defined in units of d,, the
density of pure dryair atstandard conditions (dy = 1.283 x 107? gm-cm™). Thus p 18 equal tothe ratio
of the actual air density to the standard alr density d,.

- =12 .
Sl U W (3.2:5)
Thus the initial gamma dose 18
PR _#R
Ao x
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D, = w|—E + (3. 2:6)
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We may now make the approximate correction for variationg in the quieacent air density be-
tween source and receiver due to normaland relatively small changes in air temperature and pressure.
The average quiescent air density p has been defined in Chapter 1 and the method of calculation pre-

sented. Bubstituting p for p Eq. 3.2:8 becomes
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Finallya correction must be made for the variation in air density due to hlast wave perturba-
tion of the attenuating atmosphere between point of burst and recelver. This i8 accomplished by means
of a hydrodynamic scaling factor h, which 1s a function of the bomb yield, the average quiescent air
density, the distance from point of burst, and the type of radiation, Thus

D, = w[hfp Dip * hm.'. Dnc

- _ {3.2:8)
- PR PR
'\Ipo )ano
= wh,_c, 2 2
fp “ip ] nc ne P

The reason for the existence of the hydrodynamic scalingfactor can easily be understood. The
attenuation of any radiation between source and receiver is dependent upon the number of mean free
paths between these two peints. The number of mean free paths is directly proportional to

R
f p(x)dx

0

In a quiescent atmosphere with given uniform density p, the value of the integral is obviously p,R.
Now suppose that zll the atmosphere inside a sphere of radius R is compressed into a very thin
spherical shell just inside radiua R. Applying the law of congervation of masa, it can easily be shown
that the value of the integral is in this case equal to p,R/3 80 that the number of mean free paths has
been decreased to 1/3 of the unperturbed value. Since the blast wave i8 travelling outward from the
point of burst, it is evident that the number of mean free paths to a point at radius R changes a8 a
function of time. When the thin shell moves past the point at R, the number of mean free paths may
become much less than 1/3 of the unperturbed value over some period of time.

The phenomena which ocecur in the propagation of the biast wave due to the explosion at a point
are in reality much more complicated than the aimple picture presented above. Certain properties
of the real hydrodynamic scaling factor, however, are clear{rom thefollowing physical considerations.

1. Foryields sufficientlylow the value of h is unity, i. e., there is no appreciable compression
effect on the atmosphere.

2. For dny given yield and quiescent air density, h will become constant with distance at &
sufficiently large value of R. This is because the blast wave will have disappeared before
reaching the distant point. The attenuation of radiation in penetrating to greater distancea
does not therefore depend upon the blast wave but only upon the quiescent atmosphere at
those distances.

3. The value of h for aparticular kind of radiation can never exceed e"'-l".R/ “0, where 2, i the
meanfree pathfor that radiation inatandard density air. This i the value which the hydro-
dynamic scaling factor would have for the case of infinite yleld, in which case all of the
attenuating medium would be permanently removed between the point of burst and the re-
ceiver. This factor is just sufficient to cancel the exponential factor In the dose equations
and its use is equivalent to specifying that in this case attenuation is only by geometrical
and not by material means.

4, For sufﬂéiently small distance from the point of burat R, any explosion will tend to appear
somewhat like an infinite explosion, at least for a short time. In this period all of the
intervening atmosphere will be blasted away from between the point of burst and the re-
ceiver. Under such conditions h will alsc be given by e*PR/As, This statement is true to
the extent that one can neglect the return of the atmosphere to its equilibrium condition
while the radiation source intensity remains high. Naturally, for small yields this last
condition is bound to be violated,
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From these consideratione it is possible to immediately draw the general shape of the hydro-
. dynamic scaling factor curve as 4 function of distance for some chosen air density and yield. The
cum_luvu.ld begin at the origin (b =1, R = 0) with a slope determined by the infinite yield value for
= h = e*PR/As, The slope should gradually decrease with distances, at large distances reaching a con- .
stant value. An idealixed plot of h as a function of R is shown in Fig. 3.2:1 for constant quiescent air
denatty, and with yleld as a parameter,
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Fig. 3.2:1 Jdealized Shape of Hydrodynamic Scaling Factor Curve as a Function of Source-
Receiver Distance R, and of Weapon Yield W.

Simplification of Dose Equation

The general equation for the initial gamma dose which applies for all ranges of weapon ylelds
and designs has been derived.

! Dy = Wy, Dy, + 1y Dy (3.2:8)

This equation shows the dependence of the initia]l gamma dose on two separate gamma sources and on
the corresponding hydrodynamic scaling factors. As will be shown below, the component doses (Dgp
and Dpc) donot scale with variations in air density in the same manner as do the hydrodynamic .
scaling factors (hep and hype). 1t is therefore necessary to be able, in some manner, to determine
the component doses separately from the hwirodynamic factors if we are to attempt to extend the
limited data available over the wide range of air densities of importance,

To achieve this separation we necessarily resort to simplification of Eq. 3. 2:8 since with our
present knowledge it is not possible to use this relation directly. Two possible approaches to such
simplification have been considered and are briefly discussed below.

Thefirst method attempts touse the Jittle insight we have on the interrelationships of the time
. of emisston of {iggion product and nitrogen capture gammas, the yield, and the hydrodynamic effect.
The emission times for fission product and nitrogen capture gamma radiation are quite different.
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Thus, the neutrons which generate nitrogen capture gammas are emitted veryquickly during the fission
reaction and escape into the atmosphere where they are slowed down and finaliy captured. The mean
lifetime in air at sea level of a neutron of any initial energy is about 0.07 sec. Thus, the gamma .
radiation produced from neutron capture in nitrogen should be most intense at early times, of the
order of 0.1 sec. Fission product gamma radiation, on the other hand, is emitted mostly after the
- nuclear reaction is over and this source remaina intense over a much greater time interval. Because
of the early birth of nitrogen capture gammas, it is to be expected that they should arrive at the re-
ceiver before the hlast wave and thus escape most or all of the resulting multiplication of dose. To
2 low order approximation one would expect therefore that hpe » 1.0 and that this approximation holds
equally well for low, intermediate, and high vields. The blast effect would then act only on the fission
product gamma rays and the determination of hfp is what ia required. Further simplification can be
obtatned by consideration of the variation of the hydrodynamic effect with bomb yield. For low yields
{lesa than 10 KT) the hydrodynamic effect has been shown to be unimportant and h is essentially 1,
while for high ylelds (above 100 KT) it is of dominant importance and h may be as high as 104 in the
MT region. We maynow consider the modifications of Eq. 3.2:8 for the three ranges of weapon yield.

Low Yield (less than 10 KT). Both hyp and hye are approximately equal to 1. Thus,
L4

Dy = WDy, * Dy (3.2:9)

Intermediate Yield (10 to 100 K'_I;) In this yield range hy, 18 still approximately equal to 1 but this
may no longer be true of hep. Thus

D, = Wh Dy + Dnc] (3. 2:10)

High Yield (above 100 KT). The equation shown for intermediate ylelds can also be applied to high

vield weapons, Thus .
D, = thpnfp + nnc] (3.2:11)

In the very high yield range where hpp 18 quite large, Dpc may be small In comparison to
hfpDyyy and therefore

D, = Wh D (3.2:12)

The second method of simplifying Eq. 3.2:8 does not attempt to explore the separate fission
product and nitrogen capture gamma doses but rather defines an effective hydrodynamic scaling factor
which applies to the sum of the two. Thus the effective hydrodynamic scaling factor is

hprfp * hnchc
heﬂ = D v D (3.2:13)
fp nc
The initial gamma dose i8 now given as
D, = Wheﬁ[Dfp + Dnc (3.2:14)

We have chosen the second method of simplification and accordingly the presentation of initial
gamma dose results and the correlation of experimental measurements will use Eq. 3.2:14. The
analysis of experimental results will yield values of hgee rather than either hgp or hpe. This chotce
was based on several factors but primarily because the second approach appears to yield results .
more reasonably consistent with the limited amount of high and intermediate yield experimental data
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available ot present, Further, it does 80 in a considerably simpler fashion and has the added ad-
vantage that the single equation can be applied to all yield ranges.

Scaling for Variations in Average Quiescent Alr Density

Values of the initial gamma dose D, and the hydrodynamic scaling factor heer are reguired
over a wide range of conditions. While measured values of the dose (and consequently of hegr, Which
is determined from dose measurements) are available over most of the range bf interest for two of
the important variables R and W, this is not true of the third, -the Rverage quiescent air density p,
Almost all dose measurements for surface bursts have been made while p was in the range 0.8 to
0.9. Consequently, it is necessary to formulate scaling relations to allow extension of the measured
values of Dy and of the derived values of hosr to other average air densities,

Since s theoretical equation has been constructedfor D, scaling canbe done simply and exactly
within the accuracy of the theoretical model. However, since the relationship between bggr and o is
not known, 8callng of hatt requires the use of additional approximations and is therefore subject to
greater uncertainties.

Scaling the injtial gamma dose can be done in several ways, the most convenient approach
being used here. The dose equation is

-E@_ _PR_
C A C A
D, = Whf—P e P , 2, B (3.2:15)
hR’ R
Transposing,
PR BR
! - e— o ——
E:_ = .c.:.‘fg e Afp. + Cnc e Anc' (8.2:15)
Wh o i e

Since p and R arethe only variables onthe right side of the equation and they appear only as a product
oR,

D ']

Wheﬁ

= 1(pR) {3.2:1¢)

Therefore, if the quantity DyR‘/Wheﬂ is known for some distance R, and average density p,, then
the same value of DYR’/W hegr holds for any other density p, and distance R;, chosen such that

PRy = pyRy
or
{5 i
R, -(-_—)Rt (3.2:17
P
The same relation restated is
D”" L GiR) = 1GR) = (GiRy) = ”’“' : GiR). (3.2:18)

EQq. 3.2:17 and 3.2:18 are then the scaling relations required for transferring, not the dose, but rather
the quantity DyR?/W hegr to other air densities.




Scaling of the hydrodynamic scaling factor for different air densities requires analytical ex-
amination of hegr, albeit a very crude one.

It is assumed thiat the energy Spectrum of fission product and nitrogen capture gammas can be
represented by a single effective energy and further that this effective energy does not change with
time. The expressionfor thetotal initial gamma ray dose received at point R, with average quiescent
air density p, yield W, and with the hydrodynamic effect included is

Y 8 ® -
DR, 5, W) = _CE; f Y e HMRAWURp p 5 WORlGL.  (3.2:19)
47R* Y

If there were no hydrodynamic effect to be considered, the dose would be

- Y s.(
D (R,7,W = W HAR G Gin) f -t (3. 2:20)
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where

D(R, g, W) = dose received with the hydrodynamic effect included
Dq(R, , W) = dose recelved with the hydrodynamic effect ignored
C = conversion factor which determines the dose units
W = yield
S, (t)/W = rate of emission of gamma rays per-unit yield
u(R,p, W, t} = total linear attenuation coefficient under shock conditions
u(p) = total linear attenuation coefficient under ambient conditions
B{u(R, p, W, )R] = buildup factor under shock conditions
B[u{p}R] = butldup factor under ambient conditions
ty = time chosen as the end of initial gamma dose period

The ratio of D/Dq is the hydrodynamic scaling factor h, which is then given by

D W
b= o= ~ (8.2:21)
q 8.t
e HPIR B{x(p)R] f -;f-dt
0

Y80 w5 wor -
| ¢ T BlulR, p, W, )R] dt

Using the mean value theorem

S.{t) -
t, 2L s HRn W )R o 5 W, t )R]

L (3.2:22)
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where t| i8 a time between 0 and t,,.
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If we now make the following assumptions:

1. B(ur) MR
2. u(R,p, W, 1)) = p uy(R, W, tj)
uip) = Pty

3. t; is not a function of p

(ky - 1) p (R, W, )R [ (ky - 1) py(R, W, t )R]Z
e - e

ok - 1) p mR [e(k: -1) JJ.B]E
{3.2:23)

[F(R, W, tﬂ]E

"

where F is some unspecified function of R, W, and t;. Consequently if the hydrodynamic scaling factor
is known for some quiescent air density p, and it is desired to transform hgyy to a different density p,,
the scaling law (using the listed assumptions) is

=Ll L‘pl

r(p) = [b(py)]™ (3. 2:24)
1t should be cbserved that while agssumption 1 above is probably not bad, the remaining assump-
tions taken together are subject to serious guestion.

-
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3.2.2 LOW AND INTERMEDIATE YIELD WEAPONS

The results presented for low and intermediate yield weapons are based on experimental film
badge measurements reported by Los Alamos 6,8,9 and the Evans Bignal Laboratory. Gl hese
measurements, despite some discrepancies, provide a reasonably consistent and accurate picture of
the dose-distance relations forlow altitude bursis and low to intermediate yields, this area of nuclear
radiation effects being one of the best known. The experimental data underlying even these results
are, however, by no means complete; data for very long and very short distances and for yields be-
tween 50 and 100 KT are still inadequate.

From the curves included in thia section it is possible to calculate the initial gamma dose for
fission and boosted figsion weapon yields of up to 100 KT, average quiescent air densities ranging
from 0.2 to 1.1, and eource-receiver distances of between 500 and 6000 yd. These results are esti-
mated to be accurate to within a factor of two.

The dose-distance curve derived from the film badge measurements is compared below with
results from two other sources. An analysis by Malik?2 using both theoretical considerations and ex-
perimental results permits calculation of the initial gamma dose by separation into its two major
components. Harris and Vortmanl2 givea simple equation for the initiali gamma dose based on fitting
the point source formula to experimental results.

Dose Measurements and Analysis (Film Badge Readings)

Fig. 3.2:2 18 a plot of experimental values of D,R’/W hpys a8 & function of distance R. Al of
the experimental data have beenadjusted toan average air density p = 0.9 and to W hg rather than to
the yield W. The methods of adjustment are deacribed in Section 3, 2:1 and below, respectively. The
representative experimental data were selected from Teapot (Shots 1 through 1211 and Tumbler-
Snapper (Shots 2 through 8) 7 both instrumented by Evans Signal Laboratery, and from Tumbler-
Snapper (Shots 2 through 8), & Buster (Baker, Charlie, Dog, Easy), and Ranger (A, By, B, E, F),°
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all instrumented by Loa Alamos Scientific Laboratory. Points determined by ESL are plotied as dots

. while those determined by LASL are plotted as crosses. Inspection of Fig. 3.2:2 shows two aignifi-
cant differences between the Los Alamoa and Evans data ~ the LASL data is ahove the ESL data and
the apparent mean free path af the LASL data appears slightly longer than the corresponding mean
free path for ESL., The reasons for theae differences are thought to lie in the dtiering sensitivities -
of the twotypes of film detectors used by ESL and LASL, and in the change of initial gamma spectrum
with distance. A firm explanation is not possible at this time because the measured results are at

least partially inconsistent with what would be expected on the basis of what is knawn about the detec-
tor sensitivities and the spectral change.

The ESL film detectors have a reasonably flat response to gammas except at the high energy
end of the spectrum. At low energies, however, there is a cutaff at 80 kev with only a slight hump
in the response curve immediately above this energy. The ESL results therefore can be expected to
underreport the effects of low energy gammas. The LASL film detectors cut off at a threshold of
40 kev but are extremely aenaitive to that part of the spectrum between 40 and 100 kev, and should
therefore overstate the effects of the aaft gammas. The conclusion would seem to be that for a spec~
trum where the low energy component is appreciable the LASL dose should lie above the ESL value.

Theoretical calculations by Borg and Eisenhauer? of the initial gamma ray energy spectrum

as a function of distance have indicated that an appreciable hardening of the energy spectrum or shift

in the high energy direction occurs as the distance from the point of burst increases. Thus the im-

portance of the low energy component decreases with distance and one would expect that the dose

reading would drop faster for the low epergy sensitive detector, i.e., this detector would have the

shorter apparent mean free path. While the LASL, data lie above the ESL data, which from the argu-

ments given above might be expected, the relative values of the observed apparent mean free patha

are the reverse of expected, Further effort is required to resolve this conflict. Tt is conceivable

o that further. differences in the high energy sensttivities of the two detectors may be at least partially
respongible.

. A straight line of best {it i8 drawn for the data shown in Fig. 3.2:2 but the line is adjusted
preferentially in favor of the ESL detector on the basis of estimates that its over-all response yields
results closer to the true dose than the LASL detector. 13, 14

The equation describing the straight line fit of Fig. 3.2:2 is

- DR -G
Vh— = 1.83x 10' € (3- 2:25)
. elf

where
D, = total initial gatnma dose, r

R = distance between source and receiver, yd
W = weapan yield, KT
hett = effective hydrodynamic scaling factor,

For present purposes this equation will be used as the basis of dose calculations for low and
intermediate yield, low altitude bursts. The apparent mean free path in standard density air is indi~
cated to be 324 yd for R between 500 and 3500 yd and this value should be interpreted as an average
for fission product and nitrogen capture gamma radiation.

Not only does the composite data permit such a straight line fit but the values of Dy R?/W hefg
as a function of R for any one individual shot alsc plot as a straight line within the limits of experi-
mental error and over thedistances at which measurements were made. This s somewhat surprising
since the apparent mean free path for neutron capture gammas should be considerably longer than that

. for fisgion product gammas, Such a difference would lead us to expect a mean {ree path which in-
creases with increasing distance from the source and therefore a somewhat curved rather thana



straight line. U the experimental film badge data plotted a8 in Fig. 3.2:2 did show some deviation
from a straight line, it would be possible in principle and to & low order of accuracy to make a sepa-
ration of the total dose into its components, i.e., into fission product and nitrogen capture gamma
doses. Since film badge detectors record only the total dose integrated over all time, they do not
normally permit such a separation.

Ag noted above, the film badge data for low and intermediate yield weapons fall close to a
straight line. Such slight suggestion of lengthening in the apparent mean free path with distance which
does appear in Fig. 3. 2:21 occurs beyond sbout 3, 000 yd, but i8 well within the experimental error of
the measurements. Therefore, where extrapolation of the results of Fig. 3.2:2 to larger distances
was required, the straightline was extended. This may lead to some slight underestimate of the pre-
dicted doses {or distances larger than 3,500 yd at p = 0.9 and for corresponding distances at other
average air densities.

Comparison of Dose-Distance Results from Several Sources

Itis of intereat to compare the initial gammas dose-distance relation derived above and repre-
sented by Eq. 3.2:25 with two similar relations from alternate sources. The theoretical analysis of
Malik? provides the basis for calculating the total initial gatuma dose through its separation into the
fisaion product and nitrogen capture components as given in Eg. 3.2:8. Thuas, the conversion factors
Ctp and Cpc and the apparent mean free paths in standard density air Agp, and Ape, can be calculated.
For fQistances greater than 1300 yd from the point of burst this analysis yields

D R! (R .oR
Y = 3.18x10°h e +2.87x10'h e ¥ (3. 2:8)
W ' ip : nc T
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For low and intermediate yield weapons where the hydrodynamic scaling factors are close to unity,
Eq. 3.2:8 is approximately

_om B

™, 2.87x10%e (3. 2:26)

DYR'
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W 3.18x10%e

The calculations from which the numerical valueaof Eq. 3, 2:28 are derived are approximate only, but
they do at least permit separation of the total dose into its two constituents. It should be noted that
Malik has applied his original analysis to both delivery rate and total dose calculations for four test
bursts in the 10 to 50-KT yleld range with reascnable agreement with experimental results, 2

The analysis of experimental dose measurements by Harris and Vortmanl2 indicates that the
following equation can be used to represent the relationship between initial gamma dose and distance:

(3.2:27)

Note that the effective hydrodynamic scaling factor is not explicitly included in Eg. 3.2:27; this equa-
tion may not be strictly comparable with the results presented in Eq. 3.2:25. BSince in the low and
intermediate yleld range hg.ee i8 not far from one, this should not be a major difference, however,

Fig. 3.2:3 shows the three curves represented by the equations previously presented. In the
figure, D-,R’/W hegy and D,R‘/W are plotted as functiona of R for standard density air (p =1.0). The
three equations are tabulated below.
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Curve 1 (analysis of film badge dose measurements)

D R? -Ei
— = L83x10%e ™ (3.2:25)
eff

Curve 2 (theoretical separation of doses)
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:«r =3.18x10%¢ + 2.87x10% (3.2:26)

Curve 3 (Harris-Vortman experimental results)

D R? bR
—L-=2x100e ¥ (3.2:27)

Since the experimental film badge data only extended to about 3500 yd, Curve 1 is drawn as a
solid line tothis point only. The dashed portion of the line i8 extrapolated, Similarly since Eq. 3.2:28
does not hold below about 1500 yd, Curve 2 is not extended to shorter distances,

The maximum spread between the curves isa factor of four and for most of the data the spread
i lesa than this. Discrepancies of this order areperhaps not surprising considering the uncertainties
in both the experimental measurements and the theoretical calculations, and in the different means
used to obtain the results. Thus the determination of the numerical coefficients and of the apparent
mean free paths of Eq. 3.2:26 involve approximations of an undeterminable nature. Conversion of
the detector reading into dose introduces errors, both those due to calibration and those due to the
change of energy spectrum with distance, as previously noted in connection with the comparison of
the LASL and ESL results. Curves 1 and 3, being based on weapaon test results, incliude the effect of
the earth surface and of the cloud rise on the dose while Curve 2 does not. Also, the hydrodynamic
effect i8 treated differently in the three equations. Other factors may be important.

The analysis based on separation of the dose components yields the longest apparent mean
free path (approximately 400 yd) while the film badge measurements yleld a value of 324 yd. If the
experimental measurements are tu be believed, it wculd appear that Curve 2 underemphasizes the
importance of the {ission product gammas,

Determination of Effective Hydrodynamic Scaling Factor

The hydrodynamic effect i8 expected to be small for low and intermediate yields. (hgy is
equal to or close to unity). A proper treatment of the blast wave perturbation of the attenuating me-
dium, therefore, is not essential for yields lese than 100 KT although it becomes of dominant impor-
tance in the MT region. An approximate method of determining hg¢ as a function of yield is shown
below. This method ignores the dependence of hgr on the average quiescent alr density and on the
source-receiver distance, the errors invoived being comparatively smail.

Equation 3.2:14 is the simplified dose-distance relationship applicable to low and intermediate
yields.

D, = wneﬂ[nfp + Dnc] (3.2:14)
_PR _PR
Af A I
CI e Lad Cnc e nce

= Wh P + (3.2:15)




Assuming that hay 18 not & function of R and p, for given values of R and p the quantities in-
side the brackets are constant and the dose is proportional to W and hgpr Only.

= kW heﬂ {3.2:28)

For low ylelds where hyg = 1 and at the same values of R and p, the dose is then

(Dr) , = ¥ : (3.2:29)
The relationship for h,¢ I8 then
h e 2 (. 2:30)
et ~ (D), o

The effective hydrodynamic scaling factor is determined by plotting the measured dose at some fixed
distance and air density against yleld for as many shots as avatlable in the low and intermediate yield
range. The portion of the curve at low yields is found, 28 expected, to be approximated quite well
bya straight line. This line and its extension represent (D.,) ¢» the dose to be expected inthe absence of
the blast effects. The ratic of D. /(D )‘ is then h.s. Fig. 3.2:4 presents the quantity W heer a5 2
function of the yield W.

Because the effects of air density and distance from the source are neglected, errors of up to
430 percent in hayy may be expected in some casges for 100 KT bursts. These errors are considered
acceptable at present in the light of the several large uncertainties in the dose determination.

Calculation of the Initial Gamma Dose e

The dose-distance relationship represented by Eq. 3. 2:25 and plotted in Fig. 3.2:2 and 3.2:3
{Curve 1) has been extended tocover a range of air densities by the method described in Section 3.2.1.
Values of DyR?/W hegy have been plotted in Fig. 3.2:5 as a function of R with p as a parameter. The
solid portions of the lines of Fig. 3.2:5 represent the original data or transformations of such data to
other air densities. The dashed portions of the lines represent extrapclations. (Fig. 3.2:5 presents
curves for p as low as 0.2. These low air densities are not applicable to surface bursts but are in-
cluded here for convenlence since Fig. 3.2:5 will also be used to calculate air burst doses. )

To find the initial gamma dose Dy, for a particular burst it is necesssary to know the yield W,
the average air density p, and the distance from the source R at which Dy, is desired. The quantity
DyRY/W hggy i8 found from Fig. 3.2:5 at the known values of p and R; W by i8 found at the known
value of W from Fig. 3.2:4; the appropriate arithmetic produces D, the Initial gamma dose, in r.

PROBLEM 1

The initial gamma dose due to a low or intermediate yield weapon is required at a given point.
The distance between the point of burst and the receiver, the average quiescent air density, and the
bomb yield are known.

Solution

Find W hgr from Fig. 3.2:4 at the given yield W (in KT).
2. Find DY/W hggr at the given distance and average quiescent air density from Fig. 3. 2:5.

3. The required dose in r is the product of the values of W hggy and D.,,/W heyt found in steps
1 and 2,
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Fig. 3.2:4 W hygr asa Functionof Weapon Yield W for Surface and Air Bursts of Low and
Intermedizte Yield Weapons.

Example
What is the initlal gamma dose ata distance of 2000 yd from the point of burst of a 40-KT weap-
on? The average air density i 0.9.
1. From Fig. 3.2:4 W h¢ i8 44 KT.
2, From Fig. 3.2:5 Dy/W hegr at p of 0.9 and R of 2000 yd is 2.0 r-KT™'. )
3. The initial gamma dose is therefore (44) (2.0) = 88 r. |

PROBLEM 2

At what distance {rom the burst point will a given dose be experienced? The average air den-
sity, and the weapon yield are known.

Solution

1. Find W hogy from Fig. 3.2:4 and the given value of the yleld W (in KT).
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Fig. 3.2:5 Initial Gamma Dose-Distance Results {or Surface and Air Bursts of Low, Inter-
mediate, and High Yield Weapons for Several Average Air Denslties. The average quie-
scent air density p 18 defined as the ratio of the actual air density to the air density at
standard conditions (1.293 x 10~%gm-cm’). The value of D,/W hets for surface bursts of
all yields is read directly from the figure. The value of Dy/W h g for air bursts of all
vields is obtained by multiplying the value read from the figure by a factor of 1.5,
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2. Divideﬂ:ecivenmiunpmmdoubythevﬂueof‘ﬁheﬂfmndinstepl.

3. Using the value of DY/W hayt calculated in step 2, find the desired distance from Fig. 3.2:5 .
on the curve corresponding to the given air density,

Example

Find the distance from the point of burst at which an initial gamma dose of 100 r will be ex-
perienced for a 10-KT burst. The average air density o is 0.8,

1. From Fig. 3.2:4 at a yield of 10 KT the value of W hegr is 10 KT,
2. The given initial gamma dose divided by the value of W hygs is 100/10 = 10,

3. From Fig. 3.2:5 at p = 0.8 and D.,/W hesr = 10 the correaponding distanceis 1700 yd. This
is the required distance from the point of burst,

PROBLEM 3

What area will experience an initial gamma radiation dose greater than some given value?
The initial gamma dose of interest, the average quiescent air density, the bomb yleld, and the burst
height are known,

Solution -

1. Using the method of Problem 2, find the distance from the point of burst at which the given
value of the dose will be experienced.

2, Find the distance from ground zero whichk corresponds to the source-receiver distance
found in step 1, using the following relation.

Distance from ground zero = v(pource-receiver distance)? — (height of burst): .

3. Convert the distance found in step 2 from yd to mi by dividing by 1760. Find the area of
the circle of which this distance is the radius. This is the required area. More compactly,

Required arex (mi?) = '[diatance from ground zero (yd)]‘
1760 (yd - mi™Y)

Example

Find the area which will experience an initial gamma dose of more than 100 r for the conditions
described in Problem 2, In addition to the information given in Problem 2 it is known that the burst

height is 1400 yd.
1. The source-receiver distance found in Problem 2 was 1700 yd,

2. The distance from ground zero is V{1700)? - (1400) = 960 yd.

960\ '
3. The required area is %) = 0. 93 mi®,

Error

The probable error in the values of D, derivedfrom the solid portions of the lines in Fig. 3.2:5
is the same as that in the experimental results themselvesa. Thus the probable error i8 about a factor
of two, l.e., it 18 estimated that the probability is 50 percent that the computed doae i8 t0c large or
too small by less than a factor of two. For the dashed portions of the lines the probable error may
very well be larger because of the extrapolation involved, and at short distances also because of the .
quesationable validity of the alr denaity scaling procedure.
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3.3.3 HIGH YIELD WEAPONS

Determination of the dose-distance relation lor high yleld weapons must again rely primarily
oo experimental measurements in the absence of adequate theoretical analysis, Unlike the situation
for low and intermediate yleld weapons, however, where experimental data sre plentifut and reason-
ably consistent, the study of high yleld bursts is seriously hampered by the small amount of data
available and the incompletenesg and inconsistency of these data. The poor documentation of radia~
tion effects from high yield weapons is due principally to the experimental difficulties of measuring
such effects and the relatively small number of high yield weapon tests which have been made. Under
these circumstances only a very rough and simple treatment is presented and the associated errors,

may well be large.

From the curves included in this section it 1s possible to calculate the initial gamma dose for
surface bursts of boosted fission and fusion weapons with yields from 100 KT to 20 MT, average
quieacent air densities of 0.2 to 1.1, and source-receiver distances of between 500 and 6000 yd. For
weapon ylelds less than I MT the dose results are probably good to within a factor of three. For
weapon yields above 1 MT the results are probably no better than a factor of 10 and possibly of as
much as 25.

Dose Measurements &nd Analysis

In the from 100 ET to 0.5 MT there are only the total dose measurements from
Total doses were obtained at seven source-receiver distances of
from 1500 to 2800 yd. In the 0.5 to 1.0-MT range there is one total dose reading for Ivy King
(0.55 MT)10 at 1800 yd, and one incomplete reading at 1140 yd fram which no useful information can
be obtained for present purposes. In the yield range above 1 MT there are two complete total dose
readings at 2400 and 4500 yd for Castle'4 (Union) (8.5 MT); 1° one incomplete dose rate curve meas-
ured at 2500 yd, and one total dose value at 4300 yd for Ivy Mike (10 5 MT); 10 and tinally one tn-
complete dose rate curve at 2400 yd from Castle 1 (Bravo) (14.5 MT).15 The incomplete dose records
(Ivy Mike and Castle 1) show the dose which reached the receiver before the shock wave. For yields
between 20 KT and 1 MT, and at the distances at which measurements have been made, 28 much as
50 to 90 percent of the dose may arrive after the shock wave, while for ylelds greater than 1 MT this
may increase to as high as 99 percent of the total lose.

Table 3. 2:1 summarizes the data for these high yleld tursts, Information presented includes
the test series and burst designation, the weapon type, the average quiescent air density between burst
and receiver inunnits of standard air density, the actual distance between receiver and point o burst,
and the value of the separation distance corrected to standard air density. In addition, there are pre-
sented the dose measurements Dy and the calculated value of D,,R’/W in r-yd® -KT"!, where W is
the total yield in all cases. Fig. 3.2:6 presents the calculated values of DYR’/W for the high yleld
shots plotted against the source-receiver distance adjusted to a standard air density (o = 1.0), For
Ivy Mike and Castle 4 where two data points areavailable these points are connected by straight lines,
What justification there is for this course lies in the knowledge that at lower yields and over reason-
able distances the initial gamma dose data fall close to a straight line when plotted as in Fig. 3.2:6.

In addition to the high yield values the low-intermediate yield curve of DyR}/W hety, a8 shown
tn Fig. 3.2;2 but scaled to standard air density (o = 1.0), i also included in Fig. 3.2:8, From the
prior discussion of the hydrodynamic effect one would expect that a plot of D,R?/W againat distance
in the region where the variation of hegr with yield is tmportant would show separate curves for each
vield with the highest yield producing the highest curve and the longest mean free path. At large
enough distances the curves should all become paraliel, while they should converge at zero distance.
These characteristics are shown in general by all of the curves in Fig. 3.2:6, tncluding the low-inter-
mediate yield curve; because this curve is plotted as DyR?/W hegy rather than DyR'/W, it might not
be expected to conform. However, since hog is close to unity in the low-intermediate yleld range
and does not vary apprectably with distance, the position and slope of the curve i8 not much affected;
for this qualitative examination of the data, therefore, the low-intermediate yield curve may be con-

sidered to be D,R'/W.
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The general agreement of Fig. 3.2:8 with theoretical expectation is shown in Table 3.2:2,
where the test data are compiled {a order of increasing yleld. It is seen that both the dose values at
a representative distance (2500 yd) and the mean free paths ease with increasing yleld. The only
exception to thig trend is the mean free path aﬂ which 18 much too short in com-
parison with either the high or low-intermediate yiald shots.

Despite the general agreement of Fig. 3.2:8 with expectations there are serious diacrepanciea
in the data. Thus, the Castle 1 {14.5 MT) point is lower than the correspending point for vy Mike
(10.5 MT) by a factor of about two, rather than being above as would be expected due to the higher
yield of Castle 1. These two pPoints are more uncertain than the other high yleld data, however, since
they are based on doses read up to one second after the burst only. The doses received up to one
second are multiplied by a correction factor of eight to obtain the total doses. (The factor of eight is
bagsed on examination of complete dose delivery rate curves for other bursts which indicate that for
this weapon type and yield from 5 to 20 percent of the total dose is delivered in the first second. The
incomplete dose rate curves for Ivy Mike and Castle 1 are almost identical up to one second, support-
‘ng the use of the same multiplicative factor for both). The Ivy King (0.55 MT) data point also appears
out of line, being high in comparison with the low-intermediate yleld curve and the Castle 4 curve.

TABLE 3, 2:2
Comparison of Gamma Doses and Mean Free Paths for Several Test Burasts -

Initial Gamma Dose Mean Free

Shot Yield, MT at2500wd, r Path, yd
Low-intermediate yield weapons 0 to 0. 10 8.8 x 10 3z
13xy 260
Castle 4 (Union) 8.5 - 6.6 x 10° 470
Ivy Mike 10.5 4.8x10 530

A more serious problem is presented theFdata. There are
seven total dose readings from very nicely on a Btraight line between

adiusted distances of 1300 to 2500 yd. The slope of the line appeuars to be considerably too steep,
however, in comparison with both the low- rmediate yield and other high yield curves. Further-
more, the apparent mean free path fo hown on Fig. 3.2:6 (260 yd) is shorter
than the best current estimate of the short mean free path component of the total dose. Fission prod-
uct gammas have been calculated to have an apparent mean free path of 284 yd. (See Section 3.2.2).
Nitrogen capture gammas have a much longer mean free path and it is hard to see how combining the
two could produce radiation with a 260-yd value.

A second important discrepancy is the mean free path read from the Castle 4 (8.5 MT) data,
The value of 470 yd seems somewhat longer than it should be.

While these data are inconsistent in terms of the simple model postulated for initial gamma
radiation, it is not known if this is due to oversimplification in the model or to experimental errors.
Further it i8 not clear which experimental values should be suspect if the reason for the inconsist.
encies does lie with the data rather than the model, Thus, there are several methods of resolving
the problems posed by Fig. 3.2:8, depending on which data are accepted as most likely to be reliable,

For the present we will accept the curves for low-intermediate yields and for Tvy Mike as most
likeiy to be reliable andadjust Castle 4 curves to the amallest degree nec~

essary to achieve internal caneistency. (This adjustment is determined not only by what 18 required
to make Fig. 3.2:8 consistent but also by what is required to yield reasonable values of hef). Both




the Castle 1 and the Ivy King data points aredisregarded. The adjusted curves fo-
and Castle 4 are shown in Fig. 3. 2:6 as danhed lines.

Determination of Effective Hydrodynamic Scaling Factor

From the curves of Fig. 3.2:8 and the simplified dose equations of Section 3.2:1 it is now
possible to establish values of hegr for high yield weapons and standard dmlty air as a function of
yield and separation distance.

The simplified dose equations usedto represent the low-intermediate (1) yield and high (b} yield
weapon results are

Prdu = ™5 Bete)ni [Py * Puclus
(PAn = ™ (Pesn [P *
If we now make the assumption that D¢y and Dpe (the gamma doses due to fission products and

nitrogen capture froma bomb of unit yield) are independent of yield, the effective hydrodynamic scal-
ing factor for high yield weapons js simply
-y _
=AW /h (3. 2:30)

h
( eff)h (D”R’)
, Whet/n

(3.2:14)

Thus (hegplp at p=1.0 can be determined directly from the adjusted data of Fig. 3.2:6 for Beveral
yields and separation distances.

The assumption that the component doses are independent of yield {8 equivalent to assuming
either that the number of neutrons and gammas escaping from the bomb per KT and their energy dis-
tribution are both constant over very wide ranges of weapon yield, or, alternatively, that the values
o Cpe Ches Afp. and A,., are independent of yield. Large changes in yield are usually accompanied
by correspondingly large changes in weapon desigr, which would certainly affect the eource charac-
teristics of the neutrons and gammas. Thus, this assumption may not be a very good one. It is clear,
for example, that fusion weapons will have a different neutron production per KT and neutron energy

distribution than will fission weapons,

In the absence of any real understanding of how these quantities change with yield and since,
if we accept this assumption, it appears that no more adjustment of the data is necessary to obtain
consistent values of (hgge)y than would be pecessary with more elaborate approaches, the present

course seems reasonable.

Using the data of Fig, 3,2:6, wi and Castle 4 adjusted as shown, a plot
of hagf for high yield weapons was constructed. The es determined for the low-intermedi-
ate yield weapons were used to determine the lower values of the plot. Interpolation between these
points and the high yield values from Fig. 3.2:8 established a family of curves between 0.1 and 10,5
MT. A curve for 20-MT yleld was also drawn but this is thought to be about as far as the meagre
data should be extrapolated.

The family of curves of hy¢r was scaled by the method described in Section 3. 2.1 to average
quiescent air densities ranging from p=0.2to E =1,1; the scaled values are plotted in Fig. 3.2:7
through 3.2:13 for the several air densities. (The lower air densities are not applicable to surface
bursts but are included here for convenience, since these figures will also be used to calculate air

burst doses. )
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Calculation of Initial Gamma Dose

The expression for the initial gamma dose for high yield weapons is obtained by transposing
and rearranging Eq. 3.2:30,

D R W(h eff)h
(1:7)h = -ﬁ"heﬂ Mt :: (3.2:31)

Thus, to determine the initial gamma dose it is necessary to know the weapon yield W, the average
quiescentair densityp, and the source-receiver distance R. (D-,,R‘fw hett}gs 18 found from Fig. 3.2:5
for the appropriate value of Rand p, and (hegy)y is found from Fig. 3.2:7 through 3.2:13 for the
appropriate values of R, p, and W. The initial gamma dose (Dy)hs in r, i8 determined by the indica-
ted multiplication,

PROBLEM 4

The initial gamma dose due to a high yvield weapon is required at a given point. The distance
between point of burst and the receiver, the average quiescent air density, and the bomb yield are

known.

Solution

1. Find the effective hydrodynamic scaling factor heg for the given average air density, the
bomb yield, and the source-receiver distance, from the appropriate figure (Fig. 3.2:7
through 3.2:13.)

2. Findthe value of Dy/W hggg for theg?ven average air density and source-receiver distance
from Fig. 3.2:5,

3. The initial gamma dose is the product of hogs {from step 1), D.,/W hett (from step 2), and
the given vield W (in KT).

Example

A 0.8 MT bomb is detonated on the earth's surface. The average air density p = 0.9, Whatis
the initial gamma dose 3000 yd away from the point of burst?

1. From Fig. 3.2:11 (p=0.9) at 3000 vd and for a yield of 0.8 MT, the effective hydrody-
namic scaling factor hpyf 18 2, 8.

2. From Fig. 3.2:5atp of 0.9 and R of 3000 yd, Dy/W hegr is 0. 052 r-KT"*,
3. The initial gamma dose is therefore (0. 052} (2. 8) (800} = 120 r.

PROBLEM 5

At what distance from the burst point will a given injtial gamma dose be experienced? The
average air density and the weapon yield are given.

Solution

1. Select several source-receiver distances estimated as well as posstble to bracket the de-
sired distance.

2. Using the method of Problem 4 compute the dose at each of the Belected points until the
given dose has been bracketed.
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3. The desired source-receiver distance i8 obtained either by plotting the results for step2
and interpolating or by actually calculating the dose for additional source-receiver dis- .
tances within the region of interest found in step 2 until a aatisfactory degree of approxi-
mation 18 achieved,

Error

For yields below 1 MT the dose computations are probably good to within a factor of three.
This is because shock effects in this area are not so great as to cause complete distortion of the rel-
atively well-known results for the low and intermediate yield regions. For ylelds greater than 1 MT,
because of the glaring inconsistencies among the experimental measurements and of the very crude
scaling techniques, an error factor of the order of 10 i8 quite possible over most of the region. Tn
the region of very high yields, an error factor of the order of 25 is not inconceivable, This is an un«
fortunate but realistic estimate of the state of cur knowledge, and points up the urgency of further

waork in this field.

3.3 DOSE-DISTANCE RELATIONS FOR AIR BURSTS

An air burst is one whose fireball does not intersect the earth. The initial gamma dose from
high altitude bursts may be expected to differ from surface bursts for several poasible reasons. With
increasing altitude the gamma sources and particularly the nitrogen capture gammas behave less like _
point sources and the air-earthboundary is reduced toa minor role in determining the scattered dose.
Also the hydrodynamic effect 18 quite different for a burst in free air, compared to one near the air-
earth interface. In general, it i8 not expected that the initial gamma dose for low yield, high altitude
bursts will be greatiy different from that due to corresponrding surface bursts; it is expected, however,
that this difference will increase with yield and become of major importance for high yield weapons,

Inasmuch as there has been only a single air burst at very high altitude (Teapot 10}, it is nec-
essary for us to depend on the results of surface bursts to anticipate high altitude results. Fortu- .
nately the physics of the situation is simple enough to permit reasonable extension of surface burst
data to all but low altitude, high yield air burats,

3.3.1 LOW AND INTERMEDIATE YIELD WEAPONS

The only very high altitude burst on record inthe low and intermediate yield regionis Teapot 10
{3 KT, 32,000 ft burst height). The complicating effect of a widely varying quiescent air density was
avoided by positioning the dose receivers for Teapot 10 at approximately the burst altitude rather than
on the ground, (In addition to the high altitude Teapot 10 test, two moderately high altitude tests have
been made, Upshot-Knothole 4 (11 KT, 6150 ft burst height) and Tumbler 3 (30 KT, 3450 {t burst
height).} Teapot 9 was sensibly identical to Teapot 10 except that its xirst height was 740 {t. The
initialgamma dose measurementsl; 11 from the two shots indicate that when corrected to the sameair
density:

1. the high altitude dose was greater than the low altitude dose at all distances,
2. the average factor by which the high altitude dose was greater was 1.5, and
3. thefactor wasgreater than 1.5 close tothe burstpoint and less than 1.5 at large distances,

It had been expected that, when reduced to the same air densitles, the shots would have given
the same gamma dose at a given distance. The reason for the difference is still not fully understood.
It is believed, however, that neutrons may have contributed a substantial portionof the apparentgamma
doBe. 1t {s also possible that the nitrogen capture gamma ray dose may be affected at high altitudes
by the greater diffusion length of neutrons before capture. The greater extension inspace of the fire-
ball and of the nitrogen capture source may be the cause of the decreased apparent mean {ree path.

In any case, it {s recommended that to solve dose-distance probiems for air bursts of low and
intermediate yield weapons, the dose be calculated from Figs. 3.2:4 and 3. 2:5 exactly as prescribed .
for surface bursts in Section 3.2.2 and then multiplied by a factor of 1.5. This treatment is conserv-
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ative; more careful analysis and experimental work may result in a decrease in the value of the cor-
rection factor. 4

3.3.2 HIGH YIELD WEAPONS

In addition to the effects discussed in the preceding section, which, if significant, apply to air
bursts for all ranges of weapon yield, there 18 one effect of variation of burst height which is peculiar
to high yield weapons, and which in many cases may be dominant. This is the difference in the shock
enhancement between high yield, high altttude bursts and high yield, surface bursts. From a burst
close to the earth’s surface there will be a direct shock wave and a reflected shock wave. As a re-
sult, the shock enhancement of the dose i8 greater for bursts near the surface than for high altitude
bursts where there is no reflected shock wave,

For the moment we will consider only the limiting cases of a true surface burst (one detonated
directly on the earth’s surface) and a true high altitude burst (no reflected shock wave). U the earth
is considered to be a rigid plane reflector, then the shock wave from a surface burst of a given yield
18 just equivalent to the shock wave from a high altitude burst of twice the yleldl®, For this reason
we do not present graphs of the effective hydrodynamic scaling factors for high altitude bursts in this
section. Instead we refer to Figs. 3.2:7 through 3.2:13 which have been labelled with ylelds appro-
priate for both surface and high altitude bursts. The solution of the dose-distance problems for high
altitude, high yield bursts is basically the same as that given in Section 3, 2.3, except that the value
of D.,/W hegr from Fig. 3.2:5 is multiplied by a correction factor of 1.5 (as described in Section 3.3.1)
and that the effective hydrodynamic scaling factor is determined from Figs. 3.2:7 through 3.2:13 for
the high altitude yield rather than for the surface yield.

Forburst elevations intermediate betweentrue surface and high altitude, an intermediate value
of the effective hydrodynamic scaling factor and of the dose can be expected. It is clearly desir-
able that some criterion existto determine when a burstis a high altitude burst in the sense that there
is no reflected shock wave, One possible approach to such a criterion may be found in the plots of
the hydrodynamic scaling factors. It has been noted previously that the hydrodynamic scaling factor
i8 expected to level off and reach a constant value at some distance from the point of burst. The dis-
tance beyond which hgg increases relatively little 18 a measure of the outer radius of the shock effect.
T the burst height is greater than this distance, the magnitude of the direct shock wave will be quite
small when it reaches the earth’s surface and the reflected shock wave will be correspondingly un-
important, Thus, one may consult the curve from Figs. 3. 2:7 through 3. 2:13 for the given airdensity
and weapon yield (air burst yield rather than surface burst yield). The distance at which hggy no long-
er rises sharply but starts to level off may be considered as the minimum elevation for which a burst
is a high altitude burst. Tt must be admitied that this method, while plausible, is untested and should
be used accordingly.

PROBLEM &

The initial gamma dose due to a high yield, high altitude burst is required at a given point.
The distance between point of burst and receiver, the average gquiescent air density, and the bomb
yield are known,

Solution

1. Find hegs for the given average air density, and source-receiver distance from the appro-
priate figure of the series (Figs. 3.2:7 through 3.2:13) using the curve with the proper air
burst yield.

2. Find the value of D,/W hg¢s for the given average air density and source-receiver distance
from Fig. 3. 2:5.

3. The initial gammz dose is the product of h,y (from step 1), D.,,/W heyf (from step 2), the
given yield W (in KT), and the correction factor 1.5,

U
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| 4

A 0.8 MT bomb is detonated at an altitude of 28,000 ft. The average air density between point
of burst and receiver is 0.4. . What 18 the initial gamma doae 3, 000 yd away from the point of burst?

1, From Fig. 3.2:8 {p=0.4) at 3,000 yd and at the air burat yield of 0.8 MT the value of
heﬁ is 1.4.

2. The value of D,/W hege 18 5.2 r-ET*! from Fig. 3.2:5at p = 0.4 and R of 3,000 yd.
3. The initial gamma dose is, therefore, {1.4) (5.2) (800) (1.5) = 8750 r.

3.4 DOSE-DISTANCE RELATIONS FOR UNDERGROUND BURSTS

An underground burst is defined as one where the burst occurs below the ground surface,
From the point of view of effects it is difficult to distinguish a burst not far beiow the surface from a
surface burst.

Inan underground burst, initial gamma radiation wili come entirely from fission products and
neutron-activated materials in the ground or in the weapon. One can safely assume that none of the
neutrons will escape into the air and produce nitrogen capture gamma rays, uniess the bomb is de-
tonated within a few feet of the surface. In that case the burst should probably be interpreted as a
surface burst. The extent to which soil material will be activated depends, of course, upon the com-
position of the soil. Although soil activation has been detected in the underground and surface shots
in Nevadal7 and in the Marshall Irlands surface shota, 18 there is no reason to believe that in either
location it caused a substantial contribution to the injtial gamma radiation dose, Consequently, in
this treatment of underground bursts, fission products are considered to be the only source of initial
gamma radiation.

J.4.1 LOW YIELD WEAPONS

To date there "have been two underground detonmdtions of nuclear weapons, both in low yield
range, a 1.2 KT, 17 ft underground shot at Janglel®, 20 and a 1.2 KT, €7 ft underground shot at
Teapot.” Because of the essential identity of the yields, the two bursts could have been directly
compared to gain insight into the effects of depth of burial on the initial gamma radiation dose. Un-
fortunately only the Jangle underground shot was documented for initisl gamma radiations; no such
data were taken at the Teapot underground shot. Even back-extrapolation of the Teapot delivery rate
curves taken at times greater than one minute i8 not possible because winds at Teapot had 8o per-
turbed the source material by that time that the dose rate-distance resulis were badly distorted.
Such extrapolation, if it had been possible, might have allowed comparison with equivalent data taken
at the Jangle underground shot,

Considerations which apply directly and almost uniquely to the analysis of underground burst
initial radiations are:

1. the time at which the active material emerges from the ground,

2. the fraction of active material, including fission products and induced activities, which
remains In the ground,

3. the amount and nature of induced activities, and

4, the extent to which the earth material intermingled with the active material afiects the
attenuatiop of radiation.

It is perhape clear on intultive grounds that two bombs of identical yield but at substantially
different burial depths will have different initial gamma radiation characteristics. The same remark
will apply to two bombs of different yields detonated at the same depth underground. The coupling
between yield and depth and how the Initial radiations depend upon these coupled parameters is not
understood at all. With our present limited knowledge we are able to produce only dose-distance
curves normalized tc the measurements made at Jangle. The following expressionzo wag used to
generate the curves,
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where
D, = initial gamma dose from an underground burst

C = conversion factor, 1.39 x 10~% r-yd*-gamma™!
Sp/W = emission rate of {ission product gammas per unit yield at burst time, gammas-sec=!-KT"!
Hi, = gamma ray total linear attenuation coefficient at standard air density
p = average air density in units of standard air density (d; = 1.293 x 10~%gm-cm™?)
R = source-receiver distance, yd
B( ut;ER) = gamma ray buildup factor at y,0R mean free paths from the source
ty = time after burst at which initial gamma dose period ends, sec

W = weapon yieid, KT.

The effective energy of the fission product gamma raye is taken 28 3 Mev and the values of yu,,
B(fi,0R), and C are all selected atthis energy. The value of Sp/W used in the calculation is 3.3 x 10%2
gammas-gsec~'-KT"!, and t, istaken a8 60 secin accordance with the previous and somewhat arbitrary
choice of the initial gamma time period.

The curves presented in Fig. 3.4:1 were scaled from the experimental to other air densities
by meane of the scaling relation described in Section 3.2.1. To the extent that earth material min-
gled with active material and contributed importantly to the gamma ray attenuation, the scaling 18 in
error. Due to the previcusly mentioned lack of understanding of the variation of dose with weapon
yield and burial depth, it is advisable to consider that the curves of Fig. 3.4:1 apply only for yields
which are between about 0.2 and 7.5 KT and for burial depths which are between 12 and 22 ft. We
are unable to suggest procedures for computing doses for depths and yields outeide this admittedly

limited range.

PROBLEM 7

The yield and burial depth of an underground burst are given and lie within the range of applic-
ability of Fig. 3.4:1, namely 0.2 to 7.5 KT and 12 to 22 ft underground. The initial gamma dose at
a given receiver point is required, The distance of the receiver from ground zero and the average
air density are known. (For the purposes of underground burst calculations the source-receiver dis-
tance will be taken as equal to the distance between ground zero and the receiver.)

Solution

1. From Fig. 3.4:1 read D.,/W atthe appropriate air density p and source-receiverdistance R,
2. Multiply the value of Dy,/W from step 1 by the bomb yield W to obtain the initial gamma

dose D,.

Example

A 3 KT burst 18 detonated 15 ft underground. The initial dose at a point 2000 yd from ground
zero is required; the average air density i8 known to be 0.93.

1. Atpof 0.93 and R of 2000 yd, Fig. 8.4:1 gives a value for D,/Wof 1.2 r-KT".
2. Multiplying this value of Dy,/W by the yield W gives an initial gamma dose of 3.8 r,
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The yield and burial depth of anunderground burst are given and lie within the range of applic-
ability of Fig, 3.4:1. The average air density is also known. Find the range within which a given
initial gamma dose will be experienced. .

PROBLEM 8

Solution

1. Divide the given initial gamma dose by the given yield to obtain D.,./‘W.

2. From Fig. 3.4:1 at the appropriate value of the average air density find at what distance
the value of D,,/w determined in step 1 is given. This is the desired distance.

Example

A 3 KT bomb is detonated 15 ft underground. The average air density is 0.93. At what range
will an initial gamma dose of 1 r be experienced?

1. The desired dose divided by the bomb yield is 1/3 = 0.88 r-KT"1.

2. From Fig. 3.4:1 the distance at which D,/W 48 0.33 i5 2600 yd. This i8 the required dis-
tance.

Error

It is estimated that these methods, used within the prescribed limits, should produce results
good within a factor of two, provided the soil at the point of burst is not too different from the soil at
the Nevada test site. The error that would be introduced by a very different soil type is similar in
origin, but not necessarily in magnitude, to the error that would be expected from a distinctly differ-
ent burial depth. At the present time the effect of soil type cannot be estimated.

3.4.2 INTERMEDIATE AND HIGH YIELD WEAPONS

As has already been noted, the only experimental underground bomb bursts reported to date
have been in the low yield range, the 1.2 KT Jangle shot and the 1.2 KT Teapot shot. There {8 no
information about intermediate and high yield underground bursts. An acceptable scaling relation for
tnitial gamma radiation dose would necessarily take into account:

1. wvariations in the gamma ray source with yield,

2. variations in the gamma ray source with depth, and

3. variations in the attenuating media with yield and depth,
a. earth shielding, and
b, hydrodynamic effect in two media.

There are no data or calculations available from which this scaling relation might be deter-
mined. Tt is not poesible, therefore, at thistime tomake anysound predictions about the initial gamma
dose from intermediate and high yield underground bursts.

3.5 DELIVERY RATE

The delivery rate at a point i8 the rate at which dose is received at the point. There are at
least three general shapes of initial gamma radiation delivery rate curves, each characteristic of a
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Fig. 3.5:1 Initial Gamma Radiation Delivery Rate for Buster Easy, 32-KT Yield, 1300-ft
Burst Height, 1040 yd from Ground Zero.

different situation, Fig. 3.5:1 {8 a delivery rate curve of an intermediate yleld weapon, Buster Easy
(32 KT, 1300 ft burst height). 19 It shows a duuble':hump, something like two rounded stairsteps. The
first hump isdue tonitrogencapture gamma radiation, the second to fission product gamma radiation.
Fig. 3.5:2 is the delivery rate curve for the Jangle underground shot (1.2 KT, 17 ft underground). 19
It shows an early buildupand subsequent constancy during the period when the active material has just
emerged from the ground, the fireball is expanding, and substantial amounts of earth material are
falling away from the source and back to the ground. The subsequent fall-off in the curve appears to
be controlled primarily by the decay rates of the fisaion products. Fig. 3.5:3 is a high yield delivery
rate curve from Castle 4 (6.5 MT, surface burst). 151t is 2 twin-humped curve beavtifully llustrating
the hydrodynamic effect. The first hump is due to the nitrogen capture gamma radiation. The second
hump builds up to its maximum just after the passage of the shock wave and clearly depicts the tre-
mendous magnification of dose caused by shock effects. Comparison of Figs. 3.5:1 and 3.5:3 is
profitable in that practically the only qualitative difference between them is the presence of the shock
wave in the latter. The reader should not be misled by the visual distortion introduced into Fig. 3.5:3
by reason of the fact that it is plotted on a logarithmic scale. To the eye the two humps appear about
equal in area. I the sBame curve were plotted on a non-distorting linear scale, the {irst hump would
be seen to have only about one percent the area of the second.
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Fig. 3.5:2 Initial Gamma Radiation Delivery Rate for Jangle Underground, 1.2-KT Yield,
17-ft Underground, $J0 yd from Ground Zero.

A compact way of permitting intercomparison of delivery rates on another basis is to show
the fraction of the tota]l dose which has been accumulated at any given time, i.e., integrate the de-
livery rate curves and normalize them to one. This is done in Fig. 3.5:4,

Curve A {8 the delivery rate for the Jangle underground shot at a point 500 yd from ground
zero. Itis believed that, barring suclmphenomena as hydrodynamic effect, thie curve shape is rep-
regentative of a very broad range of undergrdund shots. 1t has the gradual and falirly uniform slope
that can be expected for a dose that depends enifrely on fission product decay. Changing the weapan
yield or burial depth might cause displacement of the curve, but would probably effect no significant
difference in its shape.

Curves B and C are representative of low or intermediate yleld air or surface bursts. Curve B
is based on experimental data taken at 1040 yd from ground zero at Buster Easy, It has two humps.
The early one corresponds tothe nitrogen gammas, and the later one corresponds to the fission prod-
uct gammas. Curve C is an estimate of the situation that should prevail at distances of 5000 yd or
more{rom ground zero. At thosedistances onlythe nitrogengammas are important and the dose should
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Fig. 3.5:3 Initial Gamma Radiation Delivery Rate for Castle 4 (Union), 6.5-MT Yleld,
Surface Burst, 4500 yd from Ground Zero.

reach its maximum rapidly. The two curves form a band which ought to comprehend, roughly, the
curves characteristic of intermediate distances.

Curves D and E represent high yield, They were measured at Castle 4, 2390 and 4350 yd from
ground zero, respectively. They display the hydrodynamic effect vividly. In Curve D most of the
dose arrives at about 4 sec after the burst, for Curve E at about 7 sec. These timea correspond
roughly to the arrival of the rarefaction phase of the shock wave at the receiver, In this sense the
dose for a high yleld bomb may be considered to ‘‘travel’’ with the velocity of the shock wave. (See
Sectton 3.2.1 for a fuller discussion of the hydrodynamic effect.)

3.8 INITIAL GAMMA RAY SPECTRUM

Because the radiation attenuation properties of mediz and of shielding materials and the sus-
ceptibility of living organisms and instruments to radiation effects are all heavily dependent upon the
energy distribution of the radiation, knowledge of the energy spectrum of initial gammasa radiation is
of importance. The radtation spectrum observed at a particular receiver point will be different from
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that observed at most other receiver points because the varicus energy camponents of the spectrum
degrade differentially in passing through an attenuating medium. Knowledge of the initial gamma
madiation spectrum at the source together with the existing knowledge of the spectra] effecta of the
differential energy scattering andabsorption cross sections> makes possible reasonably good approx-
imations to the initial gamma ray energy spectrum at any point within about 8000 yd of the source, .

3,6.1 INITIAL GAMMA RAY SPECTRUM AT THE SOURCE

Attempts were made at Operation Greenhouse to measure the i.nitia.l'gamm radiation spec-
trum.21,22 while substantial information was obtained, affording new insight into early fission prod-
uct decay processes, calibration and other difticulties prevent our relying heavily on the megaured
spectrum,

Recently, calculations of the initial gamma ray spectrum have been made by Borg and Eisen-
hm.ler.'l A spectrum of great interest for weapons effects may be taken to consist entirely of gammas
from two sources, namely fission product decay and neutron capture in atmospheric nitrogen. Infor-
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Fig. 3.5:4 Percent of Initial Gamma Dose Accumulated ag a Function of Time under
Various Burst and Receiver Conditions. A. Jangle Underground {1.2 KT, 17 ft under-
ground, 500 yd from ground zero). B. Buster Easy (32 KT, 1300 ft burst height, 1040 yd
fromground zero). C. Estimated forlow and intermediate yield weapons, surface bursts,
5000 yd from ground zero. D. Castle 4 (6.5 MT, surface burst, 2380 vd from ground
zero). E. Castle 4 (6.5 MT, surface burst, 4500 yd from ground zero).

mation about the [ission product gamma rays has been obtained {rom reactor measurements and from
short-time uranium irradiation experiments. The spectrum of nitrogen capture gamma rays has been
determined by Kinsey et al. 23 (A third gamma Source is the prompt radiation emitted during the
fission process. Since only 2 relatively small fraction of the dose {(~8 percent in some representative
caaeslg) is contributed by the prompt gamma radiation, it is usually ignored in comparison with the
fission product and nitrogen capture gammas. )

Some results of these calculations are presented in Fig. 3.8:1 for a representative low-inter-
mediate yield (less than 100 KT) fission weapon. In Fig. 3. 6:1 the gamma spectrum is approximated
by the fraction of the total number of gammas which appear at each of several specific energies. It
shows the composite spectrum due to both fission product and nitrogen capture gammas at an equiv-
alent point source of radiation in an infinite homogeneous atmosphere. The relative contributions of



-

B

o4ty
0.131
i
oot
]
o
E
3
-
Q
1]
2
E 0 012
F 4
g
=}
)
L3 .
o -
]
2
©
o
Iy
o
0.041
0.023
0.013 0.013
0.007
0.005
0.004
0.003 0.003
0.002 0. 0008
| | I oot | ocoos | 001 o 00008 ]
0 ¥ 2 3 4 5 6 7 8 L4 10 1

Gamma Ray Energy, Mev

Fig. 3.6:1 Initial Gamma Ray Spectrum at an Equivalent Point Source.




fission product and nitrogen capture gammas tothe composite spectrum are based on source strengths
of 1.9 Mev of fission product gamma per fission and 0.5 Mev of nitrogen capture gamma radiation
per fisgion. The spectrum given in Fig. 3.6:1 is taken to represent the average apectrum over the
initial gamma period. Changes in the spectrum with Hime undoubtedly occur, but of necessity t.hey
are not treated in the present work,

The model used in the calculations has several defects. Tt ignores the spatial distrtbution of
the fireball, the even broader spatial distribution of the nitrogen capture gamma ray source, and the
change of quiescent air density with altitude,

In addition, several weapon design parameters which affect the nitrogen capture gamma ray
source strength and spectrum have been approximated by an average value characteristic of the class
of weapons exploded at the various past tests. Buch parameters include the uranium-plutonium ratio,
the ratio of non-fission to fission captures inside the weapon, and the neutron transmission factor of
the weapon casing. The additional complications involved in a more refined treatment do not, in our
opinion, justify the small increase in accuracy.

Fig. 3.6:1 includes no contribution tothe nitrogen capture source due to fusion nevtrons. Thus
this figure is specifically unsuited for use with thermonuclear weapons.

While it is believed that Fig. 3.8:1 represents the best information at present available on the
subject, it should be emphasized that the irradiation experiments and the reactor work upon which the
fission product spectrum is based involve periods of time considerably longer than the almost instant-
anecus irradiation period of a weapon. Thus, the spectrum contains certain componente of relatively
long-lived fission products which are not wanted, and does not contain the very short-lived fission
products which are wanted and which may contribute a substantial portion of the initial gamma ray
dose, Further work to measure the initial spectrum directly is indicated.

3.6.2 SPECTRAL VARIATION WITH DISTANCE

It has been observed that the epectral composition of gamma radiation changes as the radiation
progresses through an attenuating medium. This change i due to the fact that different enrergy com-
ponents of the spectrum experience different degrees of absorption and degradation in passing through
absorbing and scattering material.

Table 3.6:1 records 47R? times the number flux of gammas ¢, in energy ranges of 0 to 0. 75,
0.7%5t02, 2t0 4.5, 4,5t08, and B to 12 Mev.3 The values of 47R%¢ are given as a function of the
number of mean free paths traversed from a point source of one gamma per second, with source
energies of 0.5, 1, 3, 6, and 11 Mev. The product 41rR‘¢ is dimensionless. o the gamma energy at
the source Eg, is within the energy interval of interest at the receiver AE;, then the value in Table

3.6:1 is
- p PR u, PR
R =e 0 |1+ f (AuR’e u I)SEE: (3. €:1)
AE,

where the firstand second terms within the bracket represent the unscattered and scattered gammas,
respectively. If the gamma energy of the source i8 not in the energy interval of interest at the re-

ceiver, then the value in Table 3.6:1 is

-u, pR i PR
4R = ¢ U f (mz’e u t)% (3.6:2)

AEI

The single term of Eq. 3.6:2 represents scatiered gammas only, since there can be no unscattered
gammas at the receiver under these circumstances.

\ ) ¢



47R'% for a Point Isotropic Source in Air with a Source Strength of One Gamma per Sec

Source Energy Number of Mean

TABLE 3.8:1

rRi¢

Energy Range AE;, Mev

Eg, Mev Free Patha u,R 0to0.75 0.75 to 2 2145 4.5t a1z
0.5 1 2.08
2 3.14
4 1.02
7 1.55 x 107
10 1.81 x 10°?
15 2. 57Tx10-4
20 3.3 x10™
1 1 1.73 4,80 x 10"t
2 1.70 2.21 x 10!
4 6.40 x 10~} 4.33x10%
7 7.65 x 1071 3.9 x1073
10 6.68 x 107? 2.0 x10°
15 B.50 x 10-% 2.4 x 104
20 1.01 x 10-* 2.3 x 19-*
3 1 1.12 1.68 x1p! 4.80 x 10t
2 8.62 x 10! 1.27 x 10! 2.04 x 10!
4 2.3 x 107! 3.68 x 10-¢ .73 x 1071
? 2.02 x 107? 3.35 x 107! 2.8L x 10-%
10 1.47 x 10-? 2. 44 x 1074 1.69 x 104
15 1.48 x 10-* 2.54 x 10° 1.59 x 10-¢
20 1.31 x 10~7 2,42 x 10~} 1.39 x 10!
¢ 1 7.00 x 10~! 1.01 x 10-! 9.85 x 101 4.16 x 10~}
2 4.84 x 107! 7.26 x 10~* 7.13 x 10°% 1.7 x 10!
T4 1L12x1000 1.88x10% 1.03x10'  2,78x107
? 8.7 x 10-? 1.55 x 107! 1.65 x 103 1, 1 x 107
10 5.95 x 107 1.06 x 10~ 1.18 x 10-4 1.04 x 104
15 5.48 x 10~' 1,03 x 10~* 1.14 x 10~* 8.96 x 10-7
20 4.1l x10™" 8,88 x 10-" 1.00 x 10~" 7.33 x 10-*
10 1 4.04 x 10~ 7.08 x 10-! 8.02 x 10-? 5.57 x107° 3,97 % 10"t
2 3.18 x 107! 4.76 x 10-% 4.27 x 107! 4.05 x 10-? L.57Tx 107
4 693 x 107 1.14 x 10°? 1.09 x 10-1 1.07 x 10-? 2.40 x 10-%
" 5.09 n 1072 8,82 x 10~ 8,83 x 10~ .10 x 10-* 1.41 x 107!
10 3.37x 10 5.88 x 10°% 5.88 x 10~} 6.32 x10°* 8.04 x 10-%
15 3.07 x 10-* 5.40 x 107 5.83 x 10-7 6.15 x 10-' 6.56 x 10-7
20 2.16 x 101 4,58 x 1077 4,79 x 107 5.34 x 10-? 5. 18 x 16

The terms used in Eq. 3.6:1 and 3, 8:2 are defined as follows:

R = distance from source to point where the gamma spectrum is desired

¢ = tota]l (scattered and unscattered) number flux of gammas within the chosen
energy range AE; and at the point of interest

K, = total linear attenuation coefficient for gamma rays in standard density airat
the chosen source energy Eg (See Fig. 3. 6:2)

p = average quiescent air density

AE; = chosen energy range

I = energy flux per unit energy interval within AE; carried by scatteredgammas
for a source of one gamma per second at energy E

I = differential energy spectrum.
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Fig. 3.6:2 Total Linear Attenuation Coefficient for Gamma Rays in Standard Density Air
as a Function of Gamma Energy.

The differential energy spectra have been calculated for a number of media.? The values given
in Table 3.6:1 are based on differential energy spectra for water aince corresponding results for air
are not available. This does not introduce serious errors because in the energy range in question
water possesses gamma ray attenuation propertiee very closely resembling those of the atmosphere.

Table 3.8:2 is compiled directly from Fig. 3.6:1 and presents, for a typical fission weapon,
the fraction of the total number of gammas at the source within the several energy ranges specified
in Table 3. 6:1.

Fig. 3. 6:2 is a plot of the total linear attenuation coefficient for gamma rays in standard den-
sity air u;,, as a function of energy. 24 The attenuation coefficient is expressed in units of reciprocal
cm. I R, the distance of a receiver point from the source, is expressed in cm, the number of mean
free paths between the source and the receiver in standard density air is simply uy,R.

Using Tables 3.6:1 and 8. 6:2 and Fig. 3. 6:2 the gamma spectrum can be estimated at various
distant receiver points. The calculational methods are illustrated in the problems that follow. The
spectral information obtained 15 of value indetermining the effectiveness of various shielding materials
and thicknesses.

It should be noted that the calculational methods whichprovide a means of estimating the gamma
energy distribution 2lso may be used to calculate a value of the total dose at the receiver. Sucha
calculation, while holding enough promise to warrant investigation, is not recommended at the present
time for routine dose determinations because of the possible large errors in the results and the
availability of the alternative and experimentally based methods (see Sections 3.2 and 3.3).
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TABLE 3. 6:2
Fraction of the Total Number of Gammas at the Source

Energy Range Fraction of Total
AE;, Mev Gammas at Source

Oto 0.75 0.679
0.7510 2 0. 344 :
2 to 4.5 0. 052
4.5 to B 0. 021
8 to 12 0. 004

1,000

PROBLEM ¢

The distance between a gamma radiation source and a receiver i8 known. The intervening
medium is air of known average density. The energy components of the Bource are known. Find the
number of mean free paths between source and receiver for each energy component of the source.

Solution

1. From Fig. 3.6:2 find Hig for each energy component of the source.

2. Multiply each value of pu,, found in step 1 by the source-receiver distance R (in cm) and by
the averagé air density p. The product uﬁB‘R is the number of mean free paths for each
energy.

The following conversion factors may prove helpful:
lyd = 81. 4 cm
1ft = 30,.5¢cm

Example

A receiver is 2000 yd from a source of gamma radiation. The intervening medium is air of
average density p =1.0. The source is composed of gamma rays of energies 0.5, 1, 3, 6, and 10
Mev. Find the number of mean free paths between source and receiver for each of the gamma ray
energies.

1. From Fig. 3.6:2 the values of u, at the several energies of interest are as follows:

Source
Energy, Total Linear Attenuation
Mev Coefficient y,., cm~!

0.5 10. x 1078

1 7.7x10°F

3 4.3x10°t

6 3.0x10"F

10 2.5x10°¢

© L




3. The source-receiver distance 18 3000 yd or 1.83 x10* cm and p=1.0. The number of
mean fr;‘e paths is obtained, therefore, by multiplying the value of U, listed above by
1.8% x10%

Bource
Energy, Number of Mean
Mev Free Paths

0.5 18.3

1 14.1

3 7.9

6 5.5

10 4.6

PROBLEM 10

The energy distribution of a source of gamma radiation is known, as is the source-recetver

distance.

The intervening medium is air of known average quieacent air density. Find the energy

distribution of the radiation at the receiver.

SOLUTION

1,

Example

Approximate the source spectrum by breaking it up into a number of energy groups.

Assume that the several energy groups may be represented by single average energies.
For each of these energies compute the number of mean free paths between the source and
the receiver by the method of Problem 9.

By interpolation inTable 3.8:1 {ind the energydistribution into each degraded energy group
for each component of the approximate source.

Weight the energy distributions found in step 3 by the source spectrum of step 1.

Sum the components in each degraded energy group.

Normalize the spectrum by dividing each sum resulting in step 5 by the total of all such
sums, The resulting spectrum will give the fraction of all gammas in each energy group,
and the sum over all energy groups will be equal to unity.

The energy distribution of a source of gamma radiation is taken to be that given in Table 3.6:2.
The source-receiver distance {8 2000 yd and the intervening medium i air of average quiescent air

density p =

1,

1.0. Find the energy distribution of the radiation at the receiver,
The energy distribution from Table 3, 6:2 is

Energy Range Fraction of Total

AE;, Mev Gammas at Source
0 to 0,75 0.679
0.75 to 2 0. 244
2 to 4.5 0.052
4.5 to 8 0.021
8 to 12 0.004
1,000



AR
2. Each of the energy groups listed above will be representisd by the single energy used in

Problem 8, The numbers of mean free paths are listed below as calculated in Problem 9
for these average energies, a source-receiver distance of 2000 yd and p= 1.0,

Average Number of
Energy Range Energy, Mean Free
AEj, Mev Mev Paths
0 to 0.75 6.5 18.3 .
0.75 to 2 1 14.1
2 to 4.5 3 7.9
45 to 8 6 5.5
8 to 12 10 4.8
¥
3. Interpolation in Table 3. 6:1 provides the following
4R}
Average Number of bl
Energy, Mean Free Energy Range AEj, Mev
Mev Patha 0to0. 15 0.75to 2 2tod.5 4.5to8 8§tol2
0.5 18.3 8.97x 1074
1 14.1 1,80 x 103  6.20 x 1078
3 7.9° 1.27x10°% 2.11 x10-3 -1,68 x 10}
6 5.5 5.60 x10-% 9.61 x10°* 9.84x10~* 1.39x10?
10 4.8 5.86x10~* 9.61 x10-' 9.21x10-' 9.10x10"* 2.03 to10"?
4-5. Weighting the energy distribution found in step 3 by the source energy distribution from

Btepl and summing the components iffch degraded energy group provides the following:

Average Fraction of F (4rrR3¢)
Energy, Total Gammas Energy Range AE;, Mev
Mev at Source, F 0to0.75 0.75t0 2 2t04.5 4. 5t08 Bto 12
0.5 0.679 £.09 x 10-4
1 0.244 4.30x10" 1,51x107%
3 0.052 6.60x10"* 1.10x107™* 8.48x10-*
6 0.021 1.19x10~? 2.02x10-4 2:07xto~* 2.92x10-
10 0.004 2.34x107¢ 3.84x10°% 3.68x10°% 3,84x10°% B.12x107*
1.000 2.58x10-* 3.66x10™* 3.20x10°' 9.286x10°* B.12x10°%
jf?

6. Thetotal of all sumsfrom the above énergy groups is 3.68 x 10~?; by dividing the individual
energy group totals by 3,68 x 10-* we get the energy distribution at the receiver as shown

below.

-




Fraction of
Energy Range Total Gammas
AEj, Mev at Receiver
4] to 0.7 0. 701
C.75 to 2 0.089
2 to 4.5 0. 088
4.5 to 8 0.089
8 to 12 0.022
1.000

Fig. 3.6:3 presents both the gamma energy spectrum calculated above {receiver 2000 yd dis-
tant from point source) and, for purposes of comparison, the corresponding spectrum at the source
given earlier in Table 3. 8:2,

Error

1t is not possible tospeak about errors for this kind of calculation in precise numerical terms.
It suffices tosay that the methods delineated are quite crude and approximate. The results are, how-
ever, qualitatively correct, and sufficiently definitive for the purpose of making estimates of the rela-
tive effectiveness of shielding structures infield situations. For work where more precision is needed,
reference should be made to the detailed proceduresa upon which Table 3.6:1 is based., Lack of better
informaticn about the gamma source spectrum in large measure vitlates any present refinements in
the techniques of computing energy degradation.

3.7 MILITARY SHIELDING -7

Gamma radiation incident upon a receiver from a given source can be reduced in only two
ways:

1. by increasing the distance between scurce and receiver, and
2. by interposing absorbing materials between source and receiver.

Since, in general, the source-receiver distance is fixed, particularly for the initial radiations, it is
really only through variation of the material shielding around the receiver that the dose can be con-
trolled.

To evaluate the shielding effectiveness of any given configuration of materials it is necessary
to have some notion of the directions from which the radiation may arrive and of the shielding values
of the materials composing the structure. Because in traversing a medium such as air, gamma
radiation can be scattered as well as absorbed, and because a scatiering process can involve changes
of direction as well as loss of energy, the radiation will not all travel along the line of sight from the
source to the receiver. As the distance from the source to the receiver increases, an increasing
fraction of the total radiation arrives at the receiver from directions other than the line of sight.
While there have been no definitive measurements or calculations of the angular distribution of radi-
ation at a receiver in the neighborhood of a nuclear explosion, experience in similar problems indi-
cates that very substantial amounts of radiation may arrive at the receiver from directions markedly
different {rom the line of sight.

Although there are some circumstances in military operations where a 8imple line-of -sight
shield can provide adegquate personnel protection, the more common situation requires all-around
and top shielding and such protection should be provided wherever possible,

No generalized treatment of the military gamma shielding problem, either theoretically or
experimentally based, can be presented at this time. The geometrical configuration of a structure
bears importantly on its shielding effectiveness; the geometry of most practical structures and of the

—-—n R
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Fig. 3, 6:3 Comparisonof the Initial Gamma Ray Spectra at the Source and at a Receiver
2000 yd from the Source.

topography in which they are located cannot be simply described in a mathematical sense. It is ex-
tremely difficult, therefore, to compute the shielding effectiveness of a given structure with reason-
able accuracy. The computational problem is compounded by the general lack of information on the
distribution of the radiation at the receiver in intensity, energy, and angle. Generalizations based
on experimental measurementsare equallydifficult because the data are limited, are distributed over
a variety of structural types, and often lack internal consistency.

Under these circumstances it is felt that at present the best way to determine the shielding
effectiveness of a given configuration of materials 18 to estimate it from experimentally measured
values for similar structures under similar conditions.

To this end the most pertinent and comprehensive test results,2%,28 notably from Teapot, are
summarized below for various shelters, field fortifications, foxholes, armored vehicles, and vehicle
trenches. These results were obtained in real structures under conditions which approximated real
military situations, but they should always be used with the understanding that they apply strictly to
a particular situation and will vary to an extent depending on the actual situation of interest. Specific
soil types, burst heights, and weapon characteristics may all be expected to have some effect on
shielding effectiveness.

o __—
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The results are conveniently presented in terms of the gamma dose transmission factor T,
defined as the ratio of the dose measured inside the shielding structure to the dose measured outside,
As the shielding effectiveness of a configuration goes up, the transmission factor goes down. As noted
above, the transmission factor for a given configuration is not unigque but depends on the conditions
under which the doses are measured. Further, for different structures the value of the transmission
factor may vary widely. Some structures with thick earth covers provide transmission factors of 10-%,°
which is virtually complete protection. The transmission factor at the bottom of foxholes may be as
low as 0.05, while armored vehicles may have average tranamisaion factors as high as 0, 7,

The tranemission factors and related deacriptive information are presented in Tables 3.7:1
through 3, 7:7 and Figs. 8.7:1 and 3.7:2. Table 3.7:1 presents a description of the several shelters
tested at Teapot while Table 3. 7:2 presents the corresponding transmission factors and line-of -sight
thicknesses from the detector to the point of burst, Table 3.7:3 presents a description of the field
fortifications tested for gamma shielding at Teapot and Table 3,7:4 lists the fortification transmission
factors and line-of-sight thicknegses. The transmission factors for 1-man, 2-man, and prone fox-
holes resulting from measurements at several shots in the Ranger and Teapot series are given in
Table 3.7:5. These data are also plotted as a function of distance from ground zero in Figs. 3.7:1
and 3, 7:2. Finally, Tables 3. 7:6 and 3. 7:7 present a limited number of transmission factor values
for armored vehicles and vehicle trenches, respectively.

Some of the data presented are clearly guestionable and where such discrepancies appear in
Tables 3.7:2 and 3.7:4 (shelters and fortifications), they are indicated by an asterisk. Since the fox-
hole data are plotted in Figs. 3.7:1 and 3.7:2, the possible inconsistencies are best determined from

the figures rather than from Table 3.7:5.

Despite these questions several general results may be noted. For covered shelters or forti«
fications the vertical variation of dose, at least between 20 and 50 in, from the structure floor, 18 of
negligible importance. Horizontal variation, on the other hand, may have a more pronounced effect.
The very limited data available indicate, for example, that moving close to the wall nearest ground
zerc from a central point within a structure may reduce the tranamission factor by a factor of three
or four. At thepoint of emergence from the shelter the transmission factors will, of course, be close
to or equal to one and therefore the increase in the transmission factor between the interior and the
entrance will be largest for the most effectively shielded atructures. This type of increase may be
quite large; for the shelters and fortifications tested at Teapot it varied from less than 2 to more
than 200. Thus, position within the structure at the time of burst will have an important effect on the

dose received.

Afirst attempt has been made tocorrelate the foxhole transmission factor data from Ranger26
and Teapot2d in Figs. 3.7:1 and 3.7:2. While questions can be raised about a substantial portion of
the data, even from a single test shot, there appears to be enough consistency on the whole to justify
such an attempt. Fig. 3. 7:1 presents the spread of values of the transmission factor as a function
of distance from ground zero for Ranger Shots 2 through 5. All four shots were made at the same
location and with burst heights which varied between 1,000 and 1,500 ft, Tn most caseg, several
readings were taken at eachdepth and thus the values presented may be taken to represent the average
transmission factor at the depths indicated. Additional data were taken on 1-man and prone foxholes
and these data are reported in Table 3.7:5. They are not, however, plotted in Fig. 3. 7:1 since the
uncertainty in the values of the transmission factors for a single type of foxhole appears to be greater
than the spread between types or, for that matter, the orientation of the foxhole to the burst point.
Using these data, estimated boundary curves are drawn for the transmission factors at three depths,
It should be noted that the boundary curves are all drawn decreasing monotonically with increasing
distance from ground zere, although the data for the lower two depths at 1, 600 yd seem to indicate a
change in slope. It i# conceivable that at distances and depthe where the major dose component i
scattered, such a change in slope actually does occur; some of the Teapot data also suggest this
possibility. However, because of the many variables involved and because of the considerable scatter
in the available data, this question must be left open for further investigation.

Fig. 3.7:2 presents the data from individual foxholes from Teapot Shots 11 and 12. The burst
heigh.sfor Shots 11 and 12 were 300 and 400 ft, respectively, and the locations and Boil characteristics



TABLE 3.7:1
Description of Sheltera

OCE - The three OCE (Office, Chief of Engineers) shelters (UK-3.Ba, UK-3.8b, UK-3.8c) are iden-
tical, buried{l), flat-roofed, box-shaped structures with walls of reinforced concrete (side
walls 18 wn. thick, end walls 15 in. thick) and beam-supported steel roofs (1/2 tn. thick). The
structures are 8 ft high, 10 ft wide, and 21 {t long, oriented with the long side facing ground
zero. All three structurea are 300 yd distant from ground zero. The principal difference be.
tween the structures is the thickness of the earth cover (1,4, and 8 {t). Each structure has 3
single entrance tunnel with one right angled turn.

OCE-Duplex — The single OCE -duplex shelter (UK-3.7) is basically similar tothe structures described
above. It is a two-room, buried, box-shaped and flat-roofed cell with reinforced concrete
walls (side walls 19 in, thick, end walls 15 in. thick} and a beam-supported steel roof (1/2 in.
thick). The structure is 7 ft high, B ft wide, and 19 ft long, Tt is positioned 300 yd {rom ground
zero with the long side facing ground zero, The earth cover is 2 ft thick. There is a baffled
entrance at each end of the structure, one of these entrances having three right turns and the

other, seven,

Navy Armco — There are two Navy Armco structures, one at 500 yd (TP-F-J. 6-a-1) and the other at
767 yd (UK-3.135) from ground zero, both above ground and long-side-on to the blast. They are
half-cylindrical, Quonsut-hut type structures made of 1/8 in. and 1/18 in. thick corrugated
steel, respectively. The shelters are both 12 It high at the crown, 25 ft wide, and 48 It long
and are covered by an earth embankment which i8 approximately flat over the structure proper
and then tapers off to the normal ground level. The TP atructure i covered with earth, with
a vertical thickness of 3 1/2 {t at the crown and increasing to about 15.5 ft at the edges of the
cylinder. The vertical thickness of the earth cover is zero at the crown of the UK structure
and increasesto about 12 It at the edges. There is one entrance atthe end of each of the Armeo
structures, a straight length of corrugated steel oy'lmdrical pipe, approximately 12 ft long and
8 ft 1n diameter.

BuDocks — The BuDocks {Navy Bureau of Yards and Docks) shelter is above ground, 1633 yd from
ground zero, and side-on to the blast. Tt ia a box-shaped structure with a gabled rool. The
walla and roofl are made of precast panels of reinforced concrete, 2 in. thick. Ttis 13 1/2 11
high at the peak, 22 ft wide, and 48 ft long. The entrance is at the end of the shelter and 18
fitted with a blast door. There i8 no earth cover on top or sides,

Instrument Shelters — There are five instrument shelters (3.28j, 3.28c, 3.28h, 3.28f, 3.28e) posi-
tioned from 333 to 2200 yd from the point of burat. They are all box-shaped structures with
flat roofs., The walls and roofs are made of reinforced concrete. Some of the instrument
shelters were semi-buried (3.28§j and 3. 28¢c) while the others were above ground. None of
them has earth covering on the roof but they all have earth embankments piled up at the sides.
The dimensions of the shelters vary, 3.28f being 7 1/2 It high, 8 {t wide, and 29 1,2 ft long;
3.28¢ being T 1/2 £t hugh, B {t wide, and 15 1/2 It long; 3.28e, 1.28f, and 3. 28h all being 7 1/2 ft
high, 8 Mt wide and 17 ft long. Similarly, the thickness of the concrete walls and roof varies,
3. 28] having walls and roof 2 1/2 ft thick; 3. 281 having walls and roof 1 1/2 ft thick; 3.28e and
3.28f having walls and roof 10 in. thick; and 3.28h having walls and roof & 1n. thick. The en-
trance arrangements also vary, two of the shelters (J.28j and 3. 28¢) having two steel hatchea
(2 1/2 1t square) in the roof while the others have a door in the wall fartheat from ground zero
and a cut in the embankment at that wall,

() For present purposes sheltera and fortifications will be clasaified as buried (those completely be-
low the normal ground level}, gemi-buried (those partly below normal groundlevel), and above-
ground {those completely above normal ground level). While the buried structures are usually
completely surrounded by earth on sides and top, semi-buried and abovegrourd structures may

or may not be earth-covered.
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Description of Fortifications

A-1, A-2, A-3 - The A-type fortlfications are Semi-buried, T-shaped machine gun emplacements,
approximately 8 ft high, with the bar of the T 21 {t long and 7 ft wide and the stem 7 ft long and
7 it wide. They are located 333, 383, and 467 yd from ground zero, respectively. There 18 an
openentrance ateach end of the bar and the end of the stem contains the machine gun port. The
stem of the T facea away from the burst point, The earth cover is 5 It thick and the roof and
walls of the fortification are of tumber,

B-1, B-2, B-3 — The B-type [ortifications are buried, box-shaped structures, 7t high, 8 ft wide, and
12 ft long. They are made intwo 8 ft by 6 ft sections and are located at 333, 383, and 467 yd
from ground zero. There is a single entrance which makes one right turn before reaching the
surface. The B-3 structure is identical to the B-1 and B-2 structures except that the entrance
of the outer 8 ft by § ft section i8 equipped with a blast door and the inner section is made into
a CBR (Chemical, Biological, Radiological) shelter by lining the walls with diffusion board,
The earth cover is 5 ft thick and the roof and walls of the fortification are timber, The long
side of the structure faces the burst point and the entrance to the structure is on that side.

G-3 — The G-23 fortification ia the same as the B type e¥cept that logs are used for the roal and walls
tnstead of cut timber. Tt ia positioned at 467 yd from ground zero.

D-2 ~ The D-2 fortification is a buried, box-shaped bunker, 9 ft high, 11 ft wide and 20 ft long. It is
positioned with the long side facing the burst point and has an entrance at each end, each of
which makes two right turns before reaching the surface. The walls and roof are of timber,
the earth cover is 5 ft, and the structure is 383 yd from ground zero.

H-3 —= The B-3 fortification is a semi-buried, upright cylinder capped with a prefabricated plywood
dome. The cylindrical pertion of the fortification 18 approximately 3 ft high and 8 ft in diam.
eter. The dume is § {t in diameter and hasan8in. high by 2 [t long gun port facing away Irom
the burst point. The entrance to the fortification 18 a short tunnel, with one right turn, and is
on the side closest to the burst point. The walls of the structure are of timber and the earth
cover |8 approximately 3 ft at the top of the dome.

1-3 ~ The 1-3 fortification is an 8 ft length of 4 it diameter corrugated steel pipe buried n the ground
with the axis of the pipe side-on to the burst point. An open trench at one end of the pipe serves
a8 the single entranceway and this end 8 covered with the wooden wall and door. The earth
cover is approximately 4 ft thick above the top of the pipe.
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Transmission Factors for Armored Vehicles2?

Vehicle Transmission Factor within Vehiclem

Minimum Maximum Averzge"

M48 Tank, 90.mm Gun 0.04 0.18 0.1

AIV_M59 Personnel Carrier 0.48 1.0 0.7

T87 Self-Propelled 0.31 1.0 0.6
155-mm Gun

{1} These transmission factors were measured at Teapot Shots 1 (1. 2-
KT yield, 762 ft burst altitude), 4 (43-KT, 500 ft), 5 (3.6-KT, 30011},
8 (15-KT, 500 ft), and 12 (24-KT, 400 ft).

TABLE 3. 7:7
Transmission Factors for Vehicle Trenches (Teapot, Shot 12)25

Distance of Trench from Transmission Factor

Ground Zero, yd - Inside Trench
700 0.6
800 0.2

for the two bursts were not the same. In some cases these data represent single readings at a given
depth while in othera several readings were averaged. With few exceptions and these only at 2, 000
yd from ground zero the Shot 12 data fall into a consistent pattern. The curves drawn are hased
primarily on the results of Shot 12, The Shot 11 results have considerably less internal consistency
and also tend to be above the corresponding Shot 12 results. Differences in soil type for the two
locations may be partly responsible for the differences between Shots 11 and 12 but no explanation is

offered for the poor internal consistency of Shot 11.

The vertical variation of the transmission factor within the foxholes i8, a8 expected, larger
than that within covered shelters and fortifications. Thus, the transmission factor may decrease by
as much as 2 factor of 10 in going from 10 to 50 in. below the ground surface. Conversely, the hor-
izontal variation of the transmission factor is much less than that in underground shelters, because
of the relatively small size and open construction of the foxhole. The lowest transmission factor at
a given depth will, however, still be next to the face or faces of the foxhole closest to ground zero.

Despite the discrepancies and uncertainties of the foxhole data it is recommended that for the
present Fige. 3.T:1 and 3. 7:2 be used to estimate transmission factors for air bursts with burst
heights of 1,000 to 1,500 ft and 300 to 500 ft, respectively. Interpolation or extrapolation to other
burst altitudes maybe made based on these figures but always with an appreciation of the inaccuracies
in the originzl results,

To assist in those cases where it is not possible to find a tested structure or f{ortification
sufficiently similar to the device whose shielding characteristics are desired, a simple and rough

T ———
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TABLE 3. 7:8
Transmission Factors for Standard Thicknesses of Five Common Shielding
Materials as a Function of Gamma Ray Energy

Transmission Factor

Gamma Ray Energy, Mev

Standard

Material Thickness 0.25 0.5 1 2 3 4 5 6

Water 1ft 0.3 p.38 0.38 0.45 0.50 0.53 0.54 0.56
Iron 1in. 0.45 0.54 0.860 0.63 0.85 0.65 0.8 0.63
Concrete 11t 0.089 0.083 0.081 0.15 0.19 0.22 0.23 0.25
Lead 1in. 0.001 0.085 0.27 0.44 0.44 0.39 0,38 0.33
Sand 11t 0.0861 0.068 0.08% 0.14 0.15 0.15 0.15 0.15

calculational procedure i8s possible. For this purpose we may define an approximate form of the trans-
mission factor

T = e t {3.7:1)

where, for a given material, u; is the total linear attenuation coefficient and x is the thickness

If we choose some standard thickness of material xg and determtne the corresponding value of
the transmission factor T.g, then any other thickness x of this material will yield a transmission

factor

x

X
-ux -u.X —) —
T =e ' =e ”’("8 = (T_)*e (3.7:2)
-] e

Similarly, if severa!l different materials compose the shield, then the combined transmission
factor will be

(L, X +u X +u x)
_ t11 tz 2 sy .
Te(:,z,s) = e = etTe:Te: (3. 7:3)

Eqs. 3.7:2 and 3. 7:3 demonstrate a very important rule applicable to approximate shielding
calculations, namely that when several different materials or thicknesses of the sBame material are
added together in a shield, the composite transmission factor is equal to the product of the trans-
mission factors of the individual layers. Hence, the transmission factor for two layers of equal
thickness of a given material is the square of the transmission factor for a single layer.

Table 3.7:8 presents the transmissionfactor Tep (a8 afunction of gamma energy) for arbitrarily
selected standard thicknesses of the five most common shielding materials. Using Eq. 3.7:3 and the
values of T,z given in Table 3. 7:8, the composite transmission factors can be roughly estimated for
structures made up of the materials listed and for gammas of a known energy and energy distribution.

The values of T,g given in Table 3. 7:8 indicate that the materials listed are most effective
against the lower energy (say below 0.5 Mev) gamma rays. Further, in the gamma energy range of
interest the shielding effectiveness of most materials decreases with increasing gamma energy,
reaches a mintmum value, and then slowly increases. (This is not true of materials of low atomic
weight where the shielding effectiveness decreases continucusly with energy in this range.) For many

™ —



important gamma shielding materials the transmission factor does not vary appreciably within the
range of interest (say 0 to 15 Mev) above about 3 Mev. Bince there are relatively few fission gammas
above about 4 Mev, an average value of 3 or4 Mev is oftenused for approximate shielding calculations
in the absence of detailed spectral information, This choice i6 usually conservative,

PROBLEM 11

A radiation shelter has uniform structural composition on all sides and on top. I8 material
composition 18 known together with the thickness of each component, It i8 exposed to radiation of
known energy distribution. Find the average gamma ray transmission factor available within the
shelter.

SOLUTION

1. Divide the thickness af each component material x, by the standard thicknesses x; as given
in Table 3.7:8.

2. From Table3,7:8 read the standard thickness transmission factor Tgg appropriate to each
material and at each energy which is present in the spectral distribution.

3. For a given energy and material take the standard thickness transmission factor T,g and
raise it tothe x/x; power where x/xg is the number of standard thicknesses for this mate-
rtal as found in step 1. This i8 now the transmission factor Te for the actual thickness
of the given material.

4. Repeat step 3 at the same energy for all other materials in the shield to obtain T,,, T,,
ete.

5. Multiply together all the values of T,,, T,, Ty €tc., found in steps 3 and 4 to obtain
'I'e(1 1,3....) the over-all gamma ray transmission factor for the structure at the given
energy.

€. Repeat steps 8, 4, and 5 for each other energy. The resulting numbers comprise a set of

energy-dependent gamma transmission factors. These factors are weighted by the known
gamma energy distribution to obtain the over-all transmission factor for the structure,

In general, instead of doing the computation in such detail, it will be done for only a single
energy characteristic of the entire gamma energy spectrum. The energy-dependent set of trans-
mission factors is not useful unless the radiation energy distribution is known. Such information will
not generally be available, although it can be calculated approximately by the methods of Section 3. B.

Example

The walls and ceiling of a shielding structure are made of 2 In. of iron and 6 in, of sand. The
gamma energy distribution is not known and a 3 Mev average energy is assumed in the absence of the
spectral information. Find the gamma ray transmission factor of the structure.

1, From Table 3.7:8 the standard thicknesses of ironand sand are I in. and 1 ft, respectively.
Thus, the structure is made up of two standard thicknesses of iron and one-half standard

thickness of sand.

2. From Table 3. 7:8 the transmission factors for standard thicknesses of iron and Band at
3 Mev are 0.65 and 0.15, respectively.

3. The gamma ray transmission factor for 3-Mev gammas and two standard thicknesses of
iron is (0. 85) = 0. 42.

4. The tr?.nsmission factor for 3-Mev gammas and one-half standard thickness of sand is
(0.15)1/2 = 0. 38.

5. The transmission factor for the shelter is then (0. 42) (0.39) = 0. 18 when the gamma rays
are assumed to be 3 Mev.

- T
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Chapter 4

NEUTRON RADIATION

4.1 INTRODUCTION

Neutron radiation is emitted at the time of a2 nuclear explosion and adds to the gamma radiation
dose discussed in Chapter 3, although it is usually smaller in magnitude, Neutron radiation 18 most
important at short distances from the point of burst, when the burst 15 at high altitude, or when the
weapon has a very thin casing. Under these circumstances, or combinations of such circumstances,
the neutron dose may exceed the gamma dose.

Experimental data on neutron radiation were much less complete than on gamma radiation be-
fore the Teapot (1955) series of test bursts. The work of Harris! on the Teapot seriea, hawever, has
considerably improved the situation and presept results can now, with some reservations, be inter-
preted in terms of basic phenomenological theory which is well understood.

Section 4.2 presents a discussion of the mechanisms of neutron generation. Section 4.3 de-
scribes the experimental methods, both physical and biological, used for measuring neutron radiation
effects and then presents a summary of the most significant experimental results. Section 4. 4 derives
the total flux-distance relations for neutrons for the most important situations and describes the scaling
of these relations for various conditions. Some of this material is nearly the same as that given in
Chapter 3. The major limitations of these relations are also discussed. In Section 4.5 dose-distance
relations are provided for the prediction of total neutron dosage in most operational situations. It
should be noted that the accuracy and scope of such predictions are limited by the inadequacy of the
experimental methods and the incompletenesa of the theory. Moreover, experimental measurements
do not yield consistent results for all types of bursts and burst environments. Section 4. 6 discusses the
relative importance of neutron radiation as compared to the other mechaniems of bomb damage. Sec-
tions 4.7 and 4.8 provide limited information on the neutron energy spectra and delivery rates, re-
spectively. Finally, Section 4.9 presents information on military shielding against neutrons. In this
area currentdeficiencies ofquantitative information are perhaps even greater than in the dose-distance
relationships.

Throughout this treatment of neutron radiation the approach taken is to attempt to correlate,
empirically, experimental results with simple theoretical calculations, rather than to attack the prob-
lem from the point of view of fupdamental theory,

4.2 THEORY OF NEUTRON GENERATION

4.2.1 INFLUENCE OF WEAPON DESIGN

Neutron generation characteristics, specifically the neutron source strength and energy distri-
bution, are controlled primarily by the weapon design. Three separate effecis are involved,
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1. The number of neutrons producedper KT and the initial energy spectrum dependon whether
fugion or fission is the production process.

2. The number of neuirons absorbed by non-fission processes within the weapon is dependent
on its design and construction. This dependence, characte b capture to fission
ratic a, 18 not strong. The value of r weapong
which have thus far been tested, most values clustering well within these limits.

3. The neutrons which are not captured in the weapon components will be degraded in energy
in penetrating the weapon casing, especially when the latter contains hydrogenous material
(such as high explosive). Asymmetries in the construction of the weapon will result in
asymmetries in the flux or dose-distance relations.

The discussion of neutron generation which follows is therefore based on the classification of
weapons as fission, boosted fission, and fusion.

4.2.2 FISSION WEAPONS

Neutrons are released from the weapon core as a result of the nuclear fission reaction, which
occurs during the explosion of a fission weapon. Their number is given by 1.3 x 10 (¥-1-q) W where
1.3 x 10** is the number of fissions per kiloton, v is the average number of neutrons per fission
(v=2.5 for U™, 2.95 for Pu'™), o is the ratio of the number of nonfission neutron captures in the
weapon components (including the fissionable material) to the number of fission captures, and W is tt:c:)
fission weapon yield in KT.

/ Values of @ have been calculated by Malik? 3 considering captureg in the weapon core only and
ignoring those ocurring in the high explosive shell. (High explosive is composed primarily of nitrogen
and hydrogen; captures in the explosive ur predominantly in the nitrogen.) In the one specific caze
in which Malik makes an estimate of the neutrons born are captured in the high

explosive. This is because the mean lifetime of the neutron in normal denaity high explostvegii Mg
uis much longer than the time required for the expansion of
the weapon to a negligible density. Thus, most of the neutrons that enter the high explosive get through
it without being captured.

The explosive may be very effective, however, in degrading neutrons in energy because of the
large energy losses involved in collision with its hydrogen constituent. In some of the older weapons
with very thick high explosive shell most of the neutrons were prcbably slowed
down all the way to velocities and energies characteristic of bomb thermal temperature (approximately
1 kev in energy). Bomb thermal temperature may be loosely defined as the temperature of the weapon
components at a time just after completion of the nuclear reaction. The components have then expanded
fustenough so that the weapon reactivity has dropped below critical. The weapon diameter has approx-
imately doubled in size by this time.

In the newer type weapons_ the high explosive shell ia much thinner and therefore
less effective in degrading neutrons in energy. A substantial fraction of neutrons now appear outside

the weapon at nearly fission neutron energies.

In a gun-type weapon high explosive is lacking except.at the weapon ends. Fast neutrons escape
most eagily in the direction in which no high explosive is present. Thus, there occur asymmetries in

the dose-distance relations which are not present in Epherical implosion-type weapons.] The last
yield for gun- herical implosion

WEeapons,

The number of fast neutrons emerging from the weapon is, therefore, a rather strong function

of weapon type. The total number of neutrons emerging from a wea with a given fission yield,
however, is less sensitive, depending only on g, which vuieh
_The few captures in the high explosive are ignored.
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Boosted fission weapons are usually merely unboosted fission weapons to which a very small
amount of deuterium has been added. The direct fusion yield from this deuterium ig very small com-
pared to the fission yield. About half of the fusion neutrons are very energetic ﬁ"l Me@ however, and
they augment the fission yield appreciably by causing additional fissions to occur. Fusion neutrons are
especially effective in causingfission®:8 in U, The fission threshold energy for U™ is about 1.5 Mev
and g;:ar this reason neutrons resulting from the fission process are quite ineffective in initiating fission
in U=, :

4.2.3 BOOSTED FISSION WEAPONS

The same general considerations discussed under fission weapons apply to the generation of
neutrons in boosted fission weapons. The difference between the fission and boosted fission weapons of
the same design is only that the yield of the boosted weapon may be appreciably higher and that the
neutron epectrum may be very slightly higher, due to the presence of the relatively small number of
14-Mev fusion neutrons.

4.2,4 THERMONUCLEAR WEAPONS

For a given yield, thermonuclear weapons produce alarger number of neutrong@.2to 2.1x 10%
neiirans-KT"‘) ian !issioi or boosted fission weﬁs i~2. 6 x 10** neutrons-KT-!)

The numbef of neutrons

per of total yield will, therefore, be intermediate between the values given above; in addition, the

neutron energy spectrum for thermonuclear weapons will be higher than for fission or boosted fission

weapons., Due to reasons of security classification, details concerning the design and construction of

thermonuclear weapons are unavailable and thereforeno discussion of the neutron attenuation processes
within the weapon is possible here.

4.3 EXPERIMENTAL METHODS AND RESUETS

The physical quantities of interest reguired to establish an understanding of neutron radiation
effects include the total flux, the neutron energy gpectra, the dose (in rep), and the delivery rate. The
biological quantities of importance are the dose (in rem) for the specific biological effects of interest
and the corresponding RBE. There are as yet no completely satisfactory methods of measuring any of
these quantities and there are large gaps and inconsistencies in the available experimental data. It is
of value, nevertheless, to describe the current experimental methods. The short summary which
follows is intended to illustrate in broad outline these methods and the approximations and weaknesses
inherent in much of the experimental data. It is not intended to be a textual introduction to the field of
instrumentation for the study of neutron radiation.

Following the description of the methods of measurement, the most pertinent and reasonable of
the experimental results are presented. This digcussion leans heavily upon the Teapot test results of
Harris! for fission and boosted fission weaporis. The data for thermonuclear weapons are much less
satisfactory.

4.3.1 PHYSICAL EXPERIMENTAL METHODS

Measurements of neutron flux and spectra have been performed primarily by activation detec-
tors. These detectors depend on the conversion of certain elements into radioactive species as a
result of neutron capture. Activation detectors are usually made in the form of thin foils or wafers
and in this form are nearly isotropic in sensitivity to neutron direction. Neutrons which have a high
energy at the source {relative to the particular detector) may, therefore, suffer ore or more collisions
in transit (with associated energy lo8s and change of direction) and still be detected, along with those
neutrons that remain unscattered. If the value of the unscattered flux is desired separately, it can be
obtained by the use of neutron-collimating sygtems in conjunction with the detector. In the absence of
such collimating devices, activation detectors measure total flux (scattered and unscattered) in a spe-
cific energy range which depends on the detector,



Other devices have been used for neutron measurements with varying success, such as ioniza-
tion chambers, fission fragment cameras, and germanium detectors.

Threshold Activation Detectors

An important class of activation detectors is known as threshold detectors. These detectors
depend on a neutron reactlion which will not occur except with neutrons above a specific non-zero
energy. For threshold detectors the number of active atoms formed at the time of the bomb burst,
therefore, is proportional only to that part of the neutron flux that is above the threshold energy. At
later times the number of active atoms decreages at the rate characteristic of the particular reaction
product. For lrradiation times short compared to the mean life of the reaction product and for de-
tectors small enough to avoid depreasion of the neutron flux the total number of active atoms in athres-
hold detector at time after burst t is

~

-
N=e 9y f Z(E) ¢(E) dE (4.3:1)
0
where
A a = decay constant for the activated reaction product
T(E) = macroscopic activation cross section
#{E) = neutron flux per unit energy to which the detector was exposed

v = volume of detector

E = neutron energy

It is usually assumed that the activation cross sestion rises sharply at the threshold to some
value and remains constant at this value above the threshold energy. Thus

Z(E) = T for E > Ethr

IL(E} = 0 for E < Ethr

where

Ethr = threshold energy

z = macroscoplc cross section ahove the threshold energy

The total neutron flux ¢ above the threshold is then

.\dt
Ne .
¢ = v (4.3:2)
where
¢ = .[ ¢(E) dE (4.3:3)
Ethr

The activity or rate of decay is related to the number of active atoms by the decay constant
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and therefore

¢ = ‘\dvz ‘:_ (4. 3:5) '

To determine the activity A the detector i8 placed in a predetermined position with respect to a
conventional counting device. In many cases the detector is placed within the counter to avoid radiation
losses in penetraling the counter window, Since the counting device is ususlly not 100 percentefficient,
it measures a quantity A, which 15 only a fraction of the detector activity A. Calibration of the de-
tector-counter system is therefore required. Thie is performed by exposing an identical detector to
an artificiaily produced neutron flux of known magnitude whose energy spectrumis as close as possible

_ to that of the bomb radiation, nuclear reactor is generall ed for this purpose to simulate bomb
fission neutrons. To simulate(ﬁi-uev bomb fusion neutrons j high energy particle accelerator is
used to bombard a guitable target.)

Further adjustments in the calculation must be made in some gituations, for example when the
decay constant Aq 18 50 large that the activity will change appreciably during the time of measurement,

The most commonly used threshold detectors are discussed individually below and arelisted in
Table 4. 3:1 together with the threshold energy and the nuclear reaction involved.

The mostreliable of the threshold detectors in-past experimental tests has been sulphur (3 Mev
threshold).”:8 Fission threshold detectors have only recently proven successful for detection of neutron
radiation of intermediate energtes.l'n Early resulis showed rather poor cnnsutency.gvm Pu‘",when
shielded against thermal neutrons by 2 cm of boron, measures the @utron flux above about 4 kev.
The effective threshold can be varied somewhat by changing the thickness of the boron absorber. Np?*
has a threshold at about| 750 kev and U?¥ hag a threshold at about 1.5 Me‘v_.j (Using U3*® detectors, one
must carefully avoid contamination of the U™ by U**, ) A complication resulting from the use of fission
threshold detectors ie brought about by the formation of many different zctive figsion products, each
of which follows its own exponential decay rate. The gross fission products decay at an over-all rate
which is then the sum of a number of exponentials. Procedures for fission threshold detectors must be
modified accordingly, This may be done by replacing the exponential in Eq. 4. 3:5 by another time-
dependent function determined experimentally from gross fission product decay. Alternatively ohe
might measure the activity of two similar detectors, one exposed to the kmown flux used for calibration
and the other exposed to the unknown flux, at equal times after exposure, (The energy spectra of the
two fluxes should be closely sitmilar.) The unknown flux would then be simply

A (B

cu .
¢ = ¢k I;Fﬂ. (4.3.6)

where
b = total known neutron flux used for callbration
Acu(t) = activity of detector exposed to unknown flux ag measured by counter at time t
Ack(t) = activity of detector exposedto known calibration flux as measured by couater attime t

Such a procedure is, of course, also applicable to nuclear reactions where the product follows the
exponential decay law.
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[/ TABLE 4. 3:1

Characteristics of Neutron Threshold Detectors

Detector Threshold Energy Reactlonu)
Pul¥ PR 5P + o' — Fission products'(s) + prompt neutrons
Fission products* -~ Fission products + delayed neutrons
+ beta and gamma radiation
Np?¥! 750  kev »Np? + ! — Same as above
il 1.5 Mev 32U + n! - Same as above
s® 3 Mev 1650 + 40! < P4t
P 14.3 days 682+ B
Ilz' 9.5 Mev 'sllzt + .nl - i'Ilz‘. + 2,“1
5li2% 13 days wXelth + g
AgT 10.5 Mev sAs™ + !~ AT + 20!
_______.—-—use“ + 48 (53%)
sAs™* T17.5 days
32Ge™ + 8" (479
A 12:5 Mev wZr® + ol e ,2r% 4 2.0

“zl-"- 33 days “Yt“ + Hﬁ.

(0 Symbols used are ;,n' (neutron), ,p' (proton), _,£* (electron), and 4, & (positron).
(2 pu?™ ghielded by 2 cm of boron has a threshold energy of approximately 4 kev.
(3) The ® is used to indicate that the atom or aloms are in an unstable state.

\ -h'_——__

Zirconium has proven particularly useful for measuring the@ux of 14-Mev fusion neutrons|by
means of the|(n, 2n) reaction which has a 12.§ Meljlh.reshold. Euch (n, 2n) reacﬁn@usually suffer
from competition from a (¥, n} reaction which ylelds the same activated product. This can be compen-
sated for by exposing both unshielded and lead-shielded zirconium detectors, There are other com-
peting reactions; to eliminate them, advantage may be taken of the characteristic positron emission of
the zirconium)(n, 2n) reactio_l}y ueing a coincidence spectrometer, which registers only positrons.

Arsenic (10.5 Mev threshold) and lodine (9.5 Mev threshold) alsc depend on Ex, 2n) reactions
and suffer from (y, n) competition. They have been successfully used, however, for instance at Tum-

bler -Snapper.

Cther Activation Detectors

Not all activation detectors are threshold detectors. Certain activation detectore are used to
determine the neutron flux below a given energy {the cutoff energy). These detectors are usually ex-
pused to the neutron flux in pairs, one detector bare and the other shielded by a material with a sharp

mn -



’ -

neutron cross-gection resonance to define the cutoff energy. These matertals are opague to aentrons
with energies below the resonance but transparent to those with energies above the resonance, (The
high crose-gection materials commonly used for this purpose are cadmium and indium.)

The number of active atoms in the bare and shielded detectors at time t after exposure to 3 /

f short duration neutron flux are

where

N, =e va(E)qb(E)dE
0

(4.3:7)

-t “
N = e vf Z(E) ¢(E) dE
E

C

N, = total number of active atoms formed in the bare detector
N_ = total number of active atoms formed in the shielded detector

[}
o
f

= cutoff energy

If a proper average value of the cross section Z is known for the energy region below E,, then

the total flux in this region is

where

A e

At At
d d
(N, -N)e (A, -A)e
b j = ._A.b_s____ (4. 3:8)

y VE
vZ d VZ

Ab = gactivity of the bare detector

A_ = activity of the shielded detector \/

More often the correct average craoss section is not known and {t ts necessary to assume a value from
which a corresponding value of the flux is calculated,

The activation detector of this type which is of most interest and which has the best reliability

is gold, used with and without cadmium shielding. The gold-cadmium detectors are used to measure
thermal neutrons; the average value of the gold cross sections usually being taken asthe thermalcross
section.

Deficiencies of Activation Detectors

The several deficiencies of activation detectors are listed below. Not ail of these deficiencies

apply to every type of detector, however.

1. The active isotope may be produced by competing reactions which obgcure the neutron cap-
ture reaction.

2. The lifetime of the radioactive products may be quite short. Gold with a 2. T-day half life

may be taken as a particular example.
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3. Activation detectors usually employ isotopes with cross sections which are rather compli-
cated functions of energy. Since the flux ig usually calculated by assuming the cross sec-
tion is constant over some well-defined energy range and zero elsewhere, the result is
inherently inaccurate to some degree,

Previous to the Teapot test seriea, sulphur Ehove 3 Mev) and gold (therng detectors werethe
most reliable of the activation detectors. These detectors completely miss, however, the energy
region of greateat biological interest, which lies at abuutEMev. The Teapot testsl (low yield weapans)
successfully utilized the fission threshold detector‘gto cover this energy gap. Fission detector data on
high yield wea.ponsgv 10 are in 2 much less satisfactory state,

Other Detector Types

In addition to activation detectors, attempts have been made to utilize several other devices to
detect weapon neutrons. Ionization chambersland germanium detectors have been tried, but thus far
without yielding fully satisfactory results. Ionization chambers can be made roughly tissue-equivalent;
they would, in principle, then measure the dose directly in rep. One disadvantage of ionization cham-
bers is that they have a limited range of sensitivity and thug are useful only for neutron fluxes within a
restricted range of intensities.

The conductance characteristics of germanium are altered by exposure to fast neutrons, but are
essentially unaffected by gammas. Calibration of germanium detectors, however, is difficult.

Neutron delivery rate data are available for only a few bursts and usually only at one sta-
tion.2; 3, 5,11 Delivery rates have been studied by means of fission fragment catcher cameras and
jonization chambers containing fissionable materials, In the camera a cellophane ribbon is passed at
constant gpeed in front of a mass of flasionable material. The ribbon collects fiasion fragments whose
activity at any location is proporticnal to the neutron delivery rate. In the icnization chamber, the
fissionable material is usually coated on one of the plates., The fission fragments cause an tonization
current proportional to the rate of fiegion within the chamiber and, in turn, to the neutron dellvery rate,

In either of these devices if the fissionable material is U**, only the slow neutron delivery rate
is measured, since the U*® figgion cross section is largest at low energies. If U?® (8 used, the de-
livery rate oi&q;trons above a threshold energy of approximately 1.5 Mev /is measured. The U** ig
customarily shielded by cadmium in order to eliminate fissions in the impurity which is inevitably
present.

Although experimental data on delivery rates for intermediate energy neutrons are lacking, the
experiments using U** do set upper bounds on the time of neutron arrival, since high energy neutrons
will certainly arrive before the intermediate energy neutrons.

4.3.2 BIOLOGICAL EXPERIMENTAL METHODS

For convenience we repeat here some necessary definitions which are important to an under-
standing of biological damage due to neutrons and of the experimental procedures for measuring such
damage.

A roentgen equivalent physical or rep is defined as that amount of lonizing radiation of any type
which, when absorbed in one gram of organic tissue, will deposit 83 ergs of energy.

A roentgen equivalent man {or mammal) or rem ie defined as that amount of ionizing radiation
which, when absorbed in mammalian tissue,will cause the same biological damage as the absorption of
one rep of 400-kev gamma radiation. Naturally, this unit is dependent on the particular biological
eifect chosen. It may be lethality, drop in white blood cell count, weight loss of the spleen and/or
thymus gland at the end of a specified time, whole body weight loss, cataract formation or any other
chosen effect. Those mentioned are the most common.

The relative blological effectiveness or RBE is defined as the rativ of the dose in rem to the
dose in rep. The value of the RBE thus depends on the biological effect chogen and for neutrons also
depends upon the energy spectrum.
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An example of the relationships between these quantities may clarify their meaning. A specific
biological effect of a given neuiron dosage is found to b2 the same a8 that from 160 rep of 400-kev
gamma rays. The biological neutron dose is then known to be 150 rem. If the physical neutron dose
is known to be 100 rep, the RBE is 1,5,

The biological dogimetry experimentgls 12,13, 14,16 oo i 0h have been conducted at the vartous’
bomb tests have generally used mice for reasons of convenience., (Other animals such as monkeys,
dogs, hamsters, rabbits, etc., have also been used on occasion.) The biclogical effects chosen for
study included weight loss of the spleen and/or thymus after 5 days, the drop in the white blood cell
count, the whole body weight loss, and the aurvival time (for doses in the supralethal range). Spleen
and/or thymus weight loss experiments using mice produced the most consistent and easily inter-
pretable results. For illustrative purposes these experiments will be described below, although the
methods discussed could be applied to any other experimental animal and chosen biological effect.

The mice were exposed at ground level beneath 7 in-thick lead hemispheres. The lead served
to shield out gamma radiation which in most cases would have contributed thelarger dose. {The use of
the shields still does not provide completely clear-cut results, since lead degrades the incident neutron
energy spectrum. In addition, there is a residual gamma dose inside the hemispheres due to gamma
rays generated in the lead by the inelastic scattering of fast neutrons.) Together with the mice, acti-
vation detectors were placed under the lead to allow determination of the neutron dose in rep, Finally
the relationshipbetween gamma dose in rep and biological damage was determined by exposing mice of
the same genetic and physical characteristics tp known doses of 400-kev gamma rays. The animals
were sacrificed and the spleen and thymus weight loss measured.

A comparigon of the 400-kev gamma dose{in rep) and the neutron dose(in rep) which each pro-
duced the same spleen-thymus weight lose yields the neutron dose {in rem). This is simply egual
numericaliy to the 400-kev gamma dose (in rep). The RBE is thenthe ratio of the neutron dose(in rem)
to the neutron dose (in rep). _

-

4.3.3 EXPERIMENTAL RESULTS

Fission and Boosted Fission Weapons

Early work12,13,14 on fission and boosted fission test bursts used sulphur and gold activation
detectors. The experimental resulte were highly scattered and exhibited some logical inconsistency in
the correlation ef biological dose with the results of the physical measurements.

The work of Barrisl at the Teapot test series, if it proves to be reproducible, will have re-
solved many of the questions raised by the earlier results. For fission and boosted filssion weapons,
his work has experimentally established invariance of the shape of the neutron flux energy spectrum
with distance from the point of burst and within the energy range of interest. Thus, this invariance
does not include thermal neutrons and probably not the@-Mev neutrons from fusion in boosted fiss
weapons. For an invariant energy spectrum the dose (in rep) is proportional to the total flux in any
arbitrarily specified energy range independent of distance. {The fact that the thermal flux is not in-
cluded in this invariance is not overly important since, ag will be demonstrated below, its contribution
to the total dose is relatively small. Similarly, the|[l4-Mev neutrons from boosted fission wea.por_la
while individually quite damaging, are not presen! in sufficient number to make an important contribu-
tion to the total dose.) The spectral invariance has been demonstrated to hold from 200 to 1500 yd for
Teapot tower shots. There would appear to be no obvious reason why it should not hold for larger
distances as well.

* The physical meagurements of flux were made using gold, plutonium, neptunium, uranium, and
sulphur activation detectors. Semilog plots of R'¢ as afunction of R for each of these detectors except
gold were very satisfactorily parallel.

Table 4. 3:2 presents recommendedlvalues of the factors used to convert the neutron flux within
specified energy ranges to dose (in rep). For convenience the limits of the energy ranges chosen
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correspond to the energy limits of the pertinent activation detectors from thermal energy (gold) to
12.5 Mev (zirconium)., These conversion factors were computed theoretically from first collision

theory.

From these conversion factors and the flux measurements from the appropriate activation de-
tectora, Harris was able to compute, a8 a function of distance, the dose (in rep), both total and within
the specified energy ranges.

It is aeen that for {fluxes of the same order of magnitude the thermal neatron dose {in rep) may
be neglected in comparison to the higher energy dose. Thus, to produce a dose of a given number of
rep requires a thermal neutron flux about 20 times as large 28 the Pu-Np flux( 4 kev to 0.75 Mev) and
55 times a8 large asthe 5-Zr flux (3 to 12,5 Mev), In general the thermal flux resulting from a bomb
burat is comparable in magnitude to the total non-thermal flux! and the dose due to thermal neutrons

can therefore be tgnnre-g

f TABLE 4. 3:2 7

Neutron Flux-Dose Conversion Factorsl
Conversion Factors,

Neutron Energy Range Detectors rep-cm?-neutron-!
Thermal Gold 2.9x 10-1131

4 kev to0.75 Mev Put¥_Np?¥! 1.0 x10-*
0.75 Mev to 1.5 Mev NpHTyiH 2.5 x107*
1.5 Mev to 3.0 Mev yis_gi 3.2 x10°

3,0 Mev to 12.5 Mev git.zrM o 3.9 x10°?

>12.5 Mev Zr¥ 6.5 x10 J

Zirconium detecwr@. 5-Mev threshold), customarily used to measure the 14-Mev neutrons
from fusig_@wem not employed at Teapot. Therefore, the energy distribution of neutrons above 3 Mev
from boosted fission weapons and the varlation of this distribution with distance was not observedat the
Teapot series. However, previous test data have invariably shown the apparent mean free path for
zirconium neutrons to be shorter than that for the corresponding{zu.lphur neutrons® and thus spectral
invariance 18 not expected to hold for the portlon of the spectrum due to 14-Mev fission neutrons in
boosted wea.po'-nrﬁ number of these high energy neutrons is small compared tothe number of fission
neutrona and their effect is not expected to be signiﬂcu_:g

Along with the physical measurements made at Teapot, the biological damage of bomb neutrons
to mice under lead shields was measured in terms of rem (spleen-thymus weight loss criterion) by the
methods described in Section 4, 3:2. Then, kmowing the neutron dose as a function of distance in both
rem and rep, the mouse gpleen-thymus RBE was determined.

Previous experimental studies onthe biological effects of radiation have established the follow-
ing basic facts on the relationships between physical and biological dose due to neutrons and gammas.

1. Any specific biological effect, such as mouse spleen-thymus weight logs, increases mono-
tonically with both neutron and gamma doses.

2. The blological damage, measured by any specific criterion, for a given gamma dose ia
approximately independent of the gamma energy spectrum for all energies greater than
100 kev. This situation does not hold for neutrons where, for a given neutron dose, the
biological damage does vary with the neutron energy spectrum.
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3. 1In general, a given neutron dose (in rep) does not do the same amount of biological damage
as a numerically equal gamma dose (in rep). Of course the given value of the neutron doge
may resultirom a wide variety of neutron spectra but the non-equality of biological damage
due to an equai dose of neutrons and gammas appears to hold for all bomb neutron spec-
tra of interest,

4, TFor any constant neutron spectrum theé neutron dose (in rep) which produces a given amount
of biological damage, using any specific damage criterion, is proportional to the gamma
dose (in rep) which produces the same amount of biological damage. The facior between
neutron and gamma dose {in rep) appears to remain constant over the entire subiethal and
lethal dose range.

8. The RBE for neutrons is defined as the neutron dose (in rem) over the neutron dose (in
rep). Further, the neutron dose {in rem) is equal to the gamma dose {in rep} which does
the same biological damage. Thus from (4) the neutron RBE for specific biological effects
and for & constant neutron energy specirum is constant within the sublethal and lethal dose
range, .

The results of Harris at Teapot are consistent with the paragraphs above. For the Eboosted
weapons teste_gand therefore for the particular approximately invariant &utrun energy spectrum
associated with unboosted fission weapons) the mouse gpleen-thymus RBE was found to be quite con-
stant and equal 10 1.7, over the dose range 100 to 1,000 rem.l (As pointed out later, this is notthe
value recommended for human use.) This value is considerably lower than the values 5 to 20 in other
experiments and for other damage criteria, particularly cataract formation. As the dose increases
into the supralethal range, the value of the RBE decreases. Thus at 10,000 rem the mouse spleen-
thymus RBE seems to drop to about 1.2 and at still higher supralethal doses {t drops to as jow ag 0.8
in some cases. The implication seems to be that some sort of gaturation effect occurs for supralethal
doses. . -

The Te geries included
trum from t.hesq boosted weapons fwas SCHICWIS - 2
Section 4. 7). The effect of the difference in spectrum is probably not large, however, and the mouse
spleen-thymus RBE for| boosted fission weapolgls thought to be only slightly different thanthat for@n-

boosted figsion weapons.

2

The RBE depends not only on the damage criterion but also on the mammal involved. Extra-
polation of mouse spleen-thymus data to man inevitably involves serious approximations. One im-
portant consideration in such extrapolation is the self-ghielding property of large bodies, A mouse 18
essentially a thin film for neutrons but man’s internal organs are somewhat protected by the thickness
of his outer surfaces. For this reason the use of 1.3 as epleen-thymus weight loss RBE for man is
recommended. 16,17

Other organs, the eye for instance, may be more gensitive to neutrons and the RBE for cataract
formation is larger, The RBE of 1.3 is, however, recommended for acute response to neutron radia-
tion in situations of military operational significance.

Several other results of the Teapot experiments are worth noting.

1. Activation detectors were placed both inside and outgide the lead shields uged to protect the
mice from gamma rays. The neutron dose (in rep) inside the shields was found to be 50
percent of that outside.

2. The gamma doge (in rep} inside the shields was only 7 to 10 percent of the total dose and
thus did not interfere appreciably with interpretation of neutron damage.

3. The gamma dose inside the shield was shownto resultfrom inelastic scattering of neutrons.
This wat indicated by the fact that the gamma dose within the ghijeld decreased with dis-
tance from the point of burst with an apparent mean free path characterigtic of the bomb
neutrons rather than of the bomb gammas. (The bomb gamma apparent mean {ree path is
congiderably longer than that for bomb neutrons. )
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£. When the neutron dose is below the saturation level, the neutron and gamma radiation doses
{both in rem) appear to be additive to within the limits of experimental error. It may be
presumed that there is also a saturation effect for gammas somewhere in the high dose
region and that the Teapot gamma doses were below thislevel, There is little experimental
evidence avallable on this point.

5. The value of T00 + 180 rem is recommended as the neutron LDy, dose for mice. (LDy, is
the dose which will be fatal to 50 percent of the irradiated population, } This number is8 the
subject of some controversgy and must be considered uncertain. (See Section 2. 4.1).

Of the several Teapot test results the one of most significance would appear to be the invariance
of the flux energy spectrum with distance. This result represents a very important simplification in
the prediction of neutron dosage. At the present time, however, the principle of spectral invariance
should be regarded as tentative since it is possible that eventual improvement of the measurements may
destroy the simplicity of the concept and thus increase the complexity of neutron dose calculations,

In the following sections, the principle of spectral invariance will be used to the fullest extent
and will be assumed to hold for all distances. Further, the Teapot results in general will be used as
the basis for calculation oféeutron dosea for all fission and boogted tission weapon_ﬂl'hl seems to be
the most reascnable approach to take in the light of our present understanding,

Fusion Weapons

Present evidence seems to indicate that the spectral invariance of the Eutron flux daes not
apply to high yield (thermonuclear) weapons_/f The Teapot tests did not include any fusion weapons and
existing data® 10 for such weapong are much less complete and consistent than for the Teapot series.
The phenomenological approach of Brodel 8 will be followed in the treatment of fusion weapons,

4.4 FLUX-DISTANCE RELATIONS

There is at present no single theoretical or empirical flux-distance relation which treats all
weapon designe and the entire neutron energy range. Relations which hold for one weapon type and
energy range do not necessarily hold for another design and energy range. It is necessary, therefore,
to analyze each class of weapons and its associated neutron characteristics separately; this is the
approach that is followed below. Both theoretical arguments and experimental results are used in
deriving the several flux-distance relations but in all cases their approximate nature should be fully

appreciated.

of possible neutron energies. Thus, the highest energy heutrons are at about 14 Mev and result from
the fusion reactiofl.) Most of the@i_ssion neutrons emerge from the weapon in the range between about
4 Mev and 1 kev./ These relatively high energy neutrons then slow down as a result of collision with
the surrounding media and are eventually captured. A large number of @utrons are slowed down all
the way to thermal energy (about 0, 025 ev) and diffuse at this energy before capturE Thus the ratic of
high to low neutron energy at a given receiver may be as large as 10°,

The variation in neutron behavior for different weéon types results from the very wide spread

The actual neutron spectrum and flux at the receiver are strongly dependent on the neutrom

characteristics at the scurce and, therefore,on the weapon design. The specific design characteristics
of importance are the total yield,
Fmd the neutron attenuation produce the weapon components, iIi differences between

e flux-distance relations given inthis section are more probably caused b
and {n the neutron attenuation due to weapon components than by variations in the weapon
yield. The first two factors determine the energy spectrum of neutrons emerging from the weapon.
The only effect of variation in t.heEz:eapqn yield{inthe absence of the blast wave or hydrodynamic effect
on the attenuating media-see Section 4. 8) is a corresponding linear variation in the intensity of the

neutron ﬂuxD -,
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In the treatment that follows, |flux-distance relations are presented for fission/boosted fission
and fusion weapone peparately. Further, an additional broad classification is made on the basis of
neutron energy. Neutrong are considered to be thermal (those measured by gold detectors) and non-
thermal{those measured by plutonium or higher threshold-energy detectors), This distinction is made
because of the major differences in the behavior of thermal and non-thermal! neutrons and because of
the negligible thermal neutron contribution to the dose (in either rep or rem). In fact, the flux-distance
relations for thermal neutrons are of litile practical importance and are presented primarily for
completeness and because they have in the past been useful for analyzing results from the older-type
fizssion weapons. No flux-distance relation is presented for thermal neutrong from fusion weapons,

4,4.1 NON-THERMAL NEUTRONS FROM FISSION AND BOOSTED FISSION WEAPONS

For fisgion and boosted fission weapons, and those with thick and thin high explosive casings,
the neutrons that determine the character of the biologically important portion of the flux are those that
start from the point of burst in the Mev range and reach the receiver before slowing down to thermal.
Analysis of weapon test results indicates that to a reasonably good approximation the flux-distance
relation for thesegb_n-therma.l neutrons from fission and boosted fission weapons can be represented
by an equation of the form resembling that used for unscattered neutrons from a point source,

The {flux of unscattered neutrons from a monoenergetic point source in an infinite homogeneous
medium and integrated over all time, is given exactly by

.”'_F‘—
g KR /

¢,u = e {4.4:1)
41R?
where B
S = source strength, total number of neutrons produced
R = distance from source to detector
uy = total linear attenuation coefficient for neutrons at the gource energy

Sirmilarly, the total non-thermal neutron flux (scattered and unscattered) from the polyenergetic
source of weapon neutrons, again in an infinite homogeneous medium and integrated over all time, has
been found to be given approximately by

R
¢ = 8 e'”'R = _5 e A (4. 4:2)

where

apparent linear attenuation coefficient

A = apparent mean free path,

The value of y may be considerably smaller than that of y;. It may be useful to think of Eq. 4.4:21n
terms of the buildup factor discussed in Chapter 3. The buildup factor for non-thermal neutrons from

fission and boosted figsion weapons is then

-(u - ut)R
e

}

{

a form which has some theoretical justification. 19 h___'__/
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Degpite the fact that Eq. 4. 4:2 18 only an approximation, when appropriate values of § and y are
empirically chosen for the particular circumstances, it fits experimental non-thermal flux-distance data
over a wide range of conditions; semi-log plots of R4 as afunction of R usually give good straightline
fits, Eq. 4.4:2 fits both fisgion and boosted fiseion results and further both thick and thin casing
weapons of each type, This appearsa to be true even though what information is avallable shows a wide
spread of neutron energies from these weapons and some variation inthe energy spectra between types
{see Section 4. 7).

As pointed out in Secticn 4, 3:;1 non-thermal neutron flux mezsurements are usually made with
threshold activation detectora. This type of detector measuresthe total flux above a prescribed thres-
hold energy. The agreement of Eq. 4. 4:2 with experimental results seems to hold not only for the totai
non-thermal flux but also for the portions of the flux above the individual threshold energies. -

There are some circumstances in which Eq. 4.4:2 does not appear to hold. Thus, it has been
noted previously that it does not apply to thermal neutrons. It also does not seem to fit the very high
energy (14-Mev) fugion neutrons. Finally it should not be used for distances too close to the source |
point, since it holds best for measurements at some distance, that is for uR >> 1, _—

Some experimental data for non-thermal neutrons have been analyzed using a summation of
geveral termg® such as given in Eq, 4.4:2 hut with different values of 8 and u in each term, The
several terms then represent different neutron energy groups. Such superpositions can usually be
approximated well enough by the single term of Eq. 4. 4:2 with average values of 8 and u characteristic
of the entire spectrum.

4.4.2 NON-THERMAL NEUTRONS FROM FUSION WEAPONS

Fusion weapons produce large numbers of 14-Mev neuirons from the DT reaction. Because of
their high energy and abundance as compared to fission neutrons (with an average energy of about
1 Mev), these 14-Mev neutrons characterize the flux of biological importance for fusion weapons.

The few neutron flux measurements that are available from fusion weapons are only poorly fitted
by Eq. 4.4;2, The reasons fgr this difference in behavior are not definitely known but several pos-
gibilities can be suggested, ﬁ the higher energy range (above 5 Mev) inehatgscattermg is likely to
be an important mechanism for neutron slowing-down, while for fission neutrons elastic collision is
the primary mechanism. Inelastic collisiona will degrade neutrons in energy much more rapidly than
elastic collisions and change the flux-distance relation correspondingly.

Also, Eg. 4.4:2 is known to be 2 poor approximation for small values of uR, even for fission
neutrons, Since y generally becomes smaller atlarg@lt.ron energies5 9, 10 geviations from Eq.4.4:2
at any fixed R are expected to be greater for the case of thermonuclear weapon bursts with their large
14-Mev component. Finally, the blast wave or hydrodynamic effect, if it is significant, would be
greatest for the fusion (high yield) weapons,whereas its effect would be much less and probably negli-
gible for the low and intermediate yield figsion and boosted fission weapon_sD

A revised relation which better fits experimenta.l data from the Castle series of fusion weapon

teats has been devised emplirically by Brode.l /)
ulpﬁﬁ.: + R:) R(R? + R‘)
u R+ pRE R*A + RIx
¢ = ] L L. -S—; e i {4. 4:3)
4Rl 4R

where the constants u;, u, and Ry are adjusted to fit the experimental results. This equation has the
: }pecial property that
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(4. 4:4)
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e for R >> Rl
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Experimental results indicate that the apparent mean free path for short distances (Ai) is con.
siderably longer than that for large distances (A).

4.4.3 THERMAL NEUTRONS FROM FISSION AND BOOSTED FISSION WEAPONS

As previously noted, thermal neutrons are of less interest that the higher energy neutrons. .
Nevertheless, a relation for thermal neutrons from fission and@osted fission weapo_@s sometimes
used to analyze radiation effects. The relation usually used gives the flux as a function of distance
___from a point source of monoenergetic non-thermalneutrons which slow down, in an infinite homogeneo
medium, according to Fermi age theory. By a simple integration the thermal flux may be shown to i
be®!

SeKZ'r o KR R+3Kr) efF R + 2Kr
¢ = W —7?-— erfc(—zv.;—-) -w— erfc(——z-w—) (‘.4:5)

where -
vl
erfc x = f e dy (x and y serve only to define the erfc function)
X

S = pource strength, total number of monoenergetic non-thermal neutrons produced

7 = average Fermi age at which the non-thermal neutrons either become thermal or are
captured

diffusion coefficient for thermal neutrons

=)
L[]

reciprocal of the diffusion length for thermal neutrons.

=
n

For R >>Krand R >> 7 this simplifies to

Kir
=8¢ KR (4. 4:6)

¢ = dR

Equations 4, 4:5 and 4. 4:6 have been mostuseful in gaining an understanding of thermal neutron
flux measurements due to bursts of the older-type fission and boosted fission weapnns.zl They should, .
however, be applied with great caution to the most recently designed fission/boosted fission wea_‘&/

- The thick explosive casings of the older type weapons degraded most neutrons to energies ap-
proaching those characteristic of bomb thermal temperature (1 kev). Thus, the major source of ther-
mal neutrons i5 very crudely monocenergetic and of relatively low energy. For low energy neutrons
the distance traveled while diffusing at thermal energies is significant compared to the distance trav-
eled while slowing down to thermal. Under these c¢ircumstances thef{thermal neutron flux should faol-
low Eq. 4. 4:5 or 4. 4:6 for small and medium distances from the source.

u_— 0 2



The newer weapon designs, on the other hand, have thin casings and the emerying neutrons are
spread over a wide energy range. They are, on the average, of higher energy, therefore, and travela
short distance while diffuging as compared to the distance traveled while slowing down. Most of the
neutrons may be expected to penetrate the high explosive casing while still fast and to remain fast
through the intervening air until they are cloge to the point of capture. (The neutron mean free path is
longest at high energy). They then suffer their first collision, slow down to thermal, and are captured,
all in the close viciiity of the point of first collision. The spatial distribution of the thermal neutron
flux should then follow? that of the fon-thermal flux (Eq. 4.4:2} and Eqs. 4.4:5 and 4.4:6 do not seem
applicable, particularly at any appreciable diatance from the sonrce. If Eq. 4, 4:5 or Eq. 4. 4:6 applies
at ail tn these circumstances, it would apply only for distances relatively close to the source.

The common practice of analyzing thermal neutron flux data by the use of semi-log plots of Ré
rather than R'¢, therefore, seems debatable at least in some cases, 22 y.e., for figsion weapong with
thin high explosive shells and at large distances from the point of burst.

4.4.4 EFFECT OF VARIATIONS IN ATMOSPHERIC DENSITY AND HUMIDITY

The atmosphere is not, of course, as assumed for the flux-distance relations given above, an
infinite homogeneous medium. Atmospheric density and humidity beth vary with position and both
characteristics affect the neutron attenuation properties,

Alr density varies roughly exponentially with altitude, The preceding relations remain good
approximations in spite of thig variation i{f, as in Chapter 1, factors like e 4R are replaced by ap-
propriate average values.

S
- 0 ern
P e B = & (4.4:7
Also since
K= Py (4. 4:8)
R
-t f pdx
- 0 =
e PHR _ = ¢ PRt (4. 4:9)
where
4 = apparent linear attenuation coefficient for air
Mg = appatent linear atténuation coefficient for air at density d,
I = average apparent linear attenuation coefficient for air between pointof burstand receiver
i = air density expressed in units of d,
7 = average air density between point of burst and receiver, expressed in units of dy

d, = density of pure dry air at standard conditions (1,283 x 10* gm-cm~%)

Methods of calculating p have been described in Section 1.8, Taking the variation of air density into
account Eq. 4. 4:2 then becomes
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IR B A (4.4:10)
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¢ =

where
A, = apparent mean {ree path for neutrons in air at standard conditions

Similar substitutions can be made in the other flux-distance relations.

The compogition of air also varies but to alesser degree. While the ratio of oxygen to nitrogen
content remains fixed, the relative concentration of water vapor may vary considerably from peint to
point, This is of some small importance in the slowing down and diffusion of neutrons. The properties
of meist air differ from those of dry air because of the hydrogen content of water, a collision with hy-
drogen involving a much larger energy loge than collisions with either oxygen or nitrogen.

The equilibrium vapor pressure of water at 30°C {100°F) is, however, only about 50 mm of
mercury or 8.0 percent of standard atmospheric pressure. This represents 100 percent relative
humidity; in most cases the relative humidity and, therefore, the water vapor content are considerably
less. Approxima‘e estimates have indicated that, under typical conditions at sea level, water vapor
changes the apparent mean {ree path of neutron radiation by only about 2 percent. Thus, at least at sea
level, water vapor plays a minor role, and may usually be neglected. At higher elevations this may
be less true.

The Interpretation of present experimental data is that perturbations of the flux due t¢ atmo-
spheric water vapor conient are much less than the errors in the measurements themselves, The
effect of water vapor content will, therefore, be neglected.

4.4.5 SCALING RELATIONS FOR VARIATION-OF AVERAGE QUIESCENT
AIR DENSITY AND WEAPON YIELD

Experimental data from weapon tegt bursts cannot be applied directly to situations far different
than those of the original test. They cannot be applied, in particular, to situations where the average
quescent air density between the point of burst and the receiver varies markedly from that of the
original test. When the data are fitted to flux-distance relations such as Egs. 4.4:2 to 4. 4:8 they can,
however. De scaled for si:ch variations. This is possible because the attenuation coetficients and
similar quantities appearing in the several flux-distance equations are etther directly or inversely
proportional to air density.

(4.4:11)
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Thus, for the non-thermal flux from fissjon and boosted fission weapons Eq. 4. 4:10 applies -/.

¢ = 8 e-u,p"R
4nR?
(4. 4:10)
¢R2‘ e-uﬁm
s 4r



Since p and R are the only variables onthe right side of the equation and they appear only as the product
PR,

2
& -wn (4. 4:12)

Therefore, if the quantity ¢R’/s is kmown for some distance R; and average density 5,, then the same
value of $R?/S holds for any other density p; and distance R;, (but for the same value of S chosen such

that

PRy = DaRy
The same relation restated is
z
_“’1th GRy) = ___°=s"3 @:Ry) (4. 4:13)

Eq. 4.4:13 is then the scaling relation required for transferring not the flux, but rather the
quantity ¢R?/S, to other air densities. The flux itself can be scaled for different air densities by the

iollov’vlng relation which is clearly identical to Eq. 4.4:13
=11
$1(P1, Ry) =(%) #:02, Ry (4. 4:14)

These same equations will also hold for scaling the thermal flux thick casing fission weapons.
Only slight modification of Eq. 4.4:14 is required to obtain the scaling relation for the non-thermal
flux from fusion weapons. This modification is -

-

H
$1(Py, Ry, Ryy) =(—§;1) #4(Fs, Ra, Riz) (4. 4:15)

where

iRy = PiRy
PRy = PaRy;

It may also be desired to scale to different weapon yields as well as for different air densities.
Since the yield W is proportional to the source strength S, Eqs. 4. 4:14 and 4.4:15 can be generalized
giving
W

- F
¢, Ry, W) = W, ( l) $:(P2, Rz, W) (4. 4:186)

»

w
d’l(ﬁl- R‘IsRihwl) = ‘_V!' (
2

oljel

H
1) #2(Pa, Ry, Ryg, Wp) (4.4:17)
2

Eqs. 4.4:14 through 4. 4:17 are useful for relating burst sitnations which are characterized by
the same type of empirical flux-distance relation. They will not properly scale between situations
which are best described by different flux-distance egquatjons.

With this reservation these scaling relations should apply independent of the change in weapon
yield. If in the future they are found not to agree with experimental results for high yield weapons, it

W
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is most probably because of the perturbation of the attenuating medium (the hydrodynamic effect). At
present this effect is not thought to be a significant factor for neutron radiation although further and
more conclusive study i8 certainly needed,

4. 4.6 MAJOR DEFICIENCIES IN FLUX-DISTANCE RELATIONS

The flux-distance relations presented above, although quite useful, remain limited by their
empirical and approximate nature, Certain reservations in their application should be noted and some
of the most important of these are listed below,

1. In nearly all realistic situations the ground surface plays an important role, even if the
point of burst or the receiver is not actually at the surface. The ground or water medium
both scatters and absarbs neutrons differently from air, and this difference may greatly
affect the scattered dose. The importance of the second medium as a sink for neutrons as
compared to its importance as a reflector depends on several factors. In general it may
be expected to act primarily as a reflector at distances close to the neutron source. The
second medium will thus increase the flux close to the interface over the free air flux. At
large distances from the source, however, the second mediem would be expected to behave
primarily asa sink and reduce the flux below the free airvalue, A very low order approxi-
mation to the proper flux ator near the media interface can be made by multiplying the free
air flux by a constant chosen so as to fit experimental results. This factor probably lies
between the values of 0.5 and 2.0,

2. The approximate nature of the flux-distance relations makes the problem of scalingfrom
one get of circumstances (o apother difficult and uncertain. This ie particularly truefor
scaling from low to high altitudes. The distances of operationa) significance for high
altitudes are equivalent to the distances close to the burst point at low altitude. It is at

. these short distances that the measured doses show the greatest departure from the point
source exponential relationship upon which the ascaling relations are based.

3. The non-homogeneity of the attenuating media has not been fully considered. Normal
variations in atmospheric dengity and humidity have been discussed previously. However,
the blast wave perturbation of the atmogphere and the removal of the high explosive shell
may have an effect on the delayed neutron flux and possibly even on the prompt thermal
neutron flux, A detalled examination of the time behavior of the neutron delivery rates is
necessary to resolve this question. (A discussion ol neutron delivery rates is presented in
Section 4.8.)

4,5 DOSE-DISTANCE RELATIONS

Inthis section are presented those results which are directly usable in predicting neutron doses
{in rem). These results are given as separate sets of curves for fission/boosted fission, and thermo-
nuclear weapons, together with associated tables, Ilustrated problems are provided to demonstrate
proper use of these curves and tables. Finally a general discussion of the dose-distance relations and
their origins 18 presented,

4,51 CALCULATION OF TOTAL NEUTRON DOSE
Calculation Based on Weapon Type and Yleld

The dose-distance relations are given in the form of a family of curves of the total neutron dose
D, divided bythe weapon yield W and by two constants, k; depending on the weapon type and kydepending
on the receiver environment. The term D/kk,W is given as a function of the slant range R, from the
point of burst to the receiver, with the average air density p between the source and receiver as a
parameter, The dose (in rem) is based on the use of an estimated RBE for damage to the human
spleen-thymus which, in turn, is derived from experimental mouse spleen-thymus data. AS previcusly
noted {see Sections 2.3 and 4.3.3) the spleen-thymus RBE is taken to be eguivalent to the RBE for acute
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Fig. 4.5:1 Neutron Dose as a Function of Distance for Fission and Boosted Fission
Weapons.

1

response in Situations of military operational significance. Therefore the biological doses calculated
below should also be taken as baged on acute response, at least until better data become available.

Figure 4.5:1 presents curves sultable for fiasion and boosted fission weapons while Fig. 4.5:2
presents corresponding curves for fusion weapons. Table 4.5:1 shows, for a variety of(boosted and
unboosted {1ssion weapons, empirical farmulas upon which the dosedistance curves are based and
the corresponding values of k;. (The value of k, for fusion weapons is taken to be 1 0 )| The table fur~
ther describes the weapons g glv & thickness o!
their high explosive shell. )
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ulg. 4.5:2 Neutron Dose as a Function of Distance for Fusion Weapons '
_[;En i, factor for boosted wegpons would be expected todiffer from that for an e
unboosted weap

The values of kg given in Table 4.5:1 are based on weapons previously tested.1: 16 For cases
where the weapon of interest is listed, the value of k; may be selected directly. For future or unlisted
weapons k; should be estimated by comparison with the most similar listed weapon types.
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Table 4, 5:2 gives values {or the factor kq 28 a function of the environment of the recetyver

Table 4.5:3 lists estimated probable error factors in the dose; these values represent the
best present judgment of the authors, The probable error factors are intended to {nciude both the in-
adequacies of the equations used to represent the dose-distance relations and the uncertainties in the
constants used in these equations. The probable errors are given for receiver distance of 500 and 6600
yd and for bursts in standard atmospheric air (p = 1,0) and in vacuum (p = 0). An error factor should
be interpreted in the following way. I the error factor is three, the probability is 50 percent that the
proper value of D is less than one third or more than three times the value obtained byuse of Figs. 4.5:1

and 4,5;2 and Tables 4, 5:1 and 4. 5:2.

Recelver Environment Factors (k¢ for Dose-~Distance Calculations

Recelver Environment _15!__

On or within 10 ft of the ground surface 1.0
On or within 10 1t of the surface of the sez 0.7
1.5

In free air

Probable Error Factor in Dose-Distance Calculauonsu)

Probable Error Factor
R =500 yd R = 6000 vd

Weapon Type p=0 p=1,0 p=0 p=1.0
Unboosted fission ] 3 2 6 4
Boosted fission 3 2 6 4

\ Fusion (thermonuclear) _J 8 5 15 10

(1) It is estimated that the probability i8 50 percent that the computed dose
is too large or too small by more than this factor.

Calculation Based on Sulphur Neutron Flux

The principle of spectral invariance of the neutron flux® established at Teapot permits direct
conversion of sulphur neutron flux to total physical dose {in rep) or to biclogical dose {in rem) forfun-
bogsted and boosted fission weaponE Such a calculational procedure may be useful in very rough cal-
culations,

Factors for convert.lng'Eulphur neutron fluxes to physical dose (in rep) may be calculated from
the values of sulphur neutron dose as a percentage af the total dose listed in Table 4.7;1 for three ma-
jor weapon types and the conversion factor for the 8- Zr neutron flux irom Table 4.3:2,
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Using the RBE values derived from the work of Harrlsltlas" the physical dose (in rep) can be
converted to blological dose (in ¢ . The value recommmended for acute response of humanse to@gplon
weapon neutrons ia 1.3 rem-rep~!/) It may be assumed, as a low order approximation that this RBE
value also holds forEoosted fiesion weapons) Table 4.5:4 presents the several conversion factors for
t.heEh'ree fission and boosted fission weap or which some spectral information is available,

The classification of weapon types into anly three categories is most certainly incomplete and
is subject to future extension, In general the accuracy of the conversion factors is rather poor, as a
result of our limited knowledge both of the energy spectrum and of its variation as a function of weapan

design.

The values in Table 4.5:4 should not be confused with the entries in Table 4.3:2. The latter
gives the partial dose (in rep) due to neutrons in a specified energy range, The conversion factors lis-
ted in Table 4.5:4 give the total dose (in rep and rem) gue to all neutrons,

Since the principle of apectral invariance has not been extended to fusion neutrons, Table 4.5:4
should not be used to determine the total dose from fusion weapons.

TABLE 4.5:4
Factors for Conversion of Sulphur Neutron Flux to Total Dose

Conversion Factors
To Biological Dose for

To Phyeical Dose, Human Acute Response,
- rep-cm’ - rem-cm?
Weapon Type neutron neutron

F Unboosted {iasion weapon /] 10 x 107 13 x 10-*
with thick casing

Unboosted fission weapon 5 x 10-? 7x10°%

with thin casing
Boosted fission weapon ’ 3x10? 4x10°°

PROBLEM 1

A nuclear weapon of knowntype and yleld is exploded ina given environment. Thedistance {rom
the recelver to the point of burst, the receiver environment and the average air denaityﬁn units of
1.293 x 10”° gm-cm ) between the points are also given. It 18 required to determine the total neutron
dose at the receiveg

Solution

1. From Fig. 4.5:1 or Fig. 4.5:2 (whichever 18 appropriate) read the value of D/kyk¢W for the
given distance R {rom point of burst to receiver and for the given average alr density p.

2. From Table 4.5:1 read the value of kg for the weapon type exploded.

3, From Table 4,5:2 read the value of k, for the environment of the point at which the dose 18
being computed,
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4, Form the product

D
D= (w)""‘""
where W 18 the yleld in KT. The mumber D i8 the total neutron dose in rem,

Example

A 5—KT,-vea,pon is exploded at the ground surface. It is required to determine the total
neutron dose at a point 2000 yd distant, also at the surface. The average air density p between the
points 18 0.9, in units of standard atmospheric density.

1. For R=2000 yd and p= 0,9, Fig. 4.5:1 gives

D
kW

2, For 'eapon, from Table 4.5:1

ks = 6.15

= 6,0x10" rem-KT !

3. When the point at which the dose 18 desired 15 on the surface, from Table 4.5:2
ky = 1.0

-

4, We compute, for a yleld W of 5 KT

) -(%)k.k.w = (6.0 x10™) (6.15) (1.0} (5.0)

D=1,8rem

The total neutron dose at the required point 15 1.8 rem.

PROBLEM 2

A nuclear weapan of known type and yleld 1s exploded in a given environment, The average air
density in the vicinity of the burst and the receiver environment are also given. It i8 required to de-
termine the horizontal distance at which the total neutron dose drops below a specified value.

Solution

1. From Table 4.5:1 read the value of k; for the weapon type exploded.

2. From Table 4,5:2 read the value of k, for the environment of the point at which the dose 18
to drop below the specified value,

3. Form the quotient

D
GEW
where D is the specified total neutron dose (in rem) and W is the yield (in KT).
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SECRET

4. From Fig. 4. 5:1 or Fig. 4.5:2 (whichever is appropriate) for the computed value of D/kskeW
and the given value of the average air density p, read the distance R at which the total neu-
tron dose drops below D rem.

Example

A S-KT,-veapon 18 exploded over the surface of the sea. The average air densgityatsea
level is 1.0, It 18 required to determine the horizontal distance at which the total neutron dose D drops

below 200 rem,

1. From Table 4.5:1 for -weapon

k = 8.15

2. From Tabhle 4.5:2, when the point at which the dose 18 deaired lsrover the surface of the sea,
kg = 0.7

3. Fora dose D of 200 rem and for a yleld W of § KT we calculate

D 200 -1
LW - GBI 0. E.0 e Tem-KT

4, For anaverage air density p of 1.0 and for the above value of D/kk W, from Fig. 4.5:1,
R =1000 yd. Beyond this distance the total neutron dose will be less than 200 rem.

PROBLEM 3

The neutron {luxdue to the explosion of a {{ssion weapon i8 known, as read by a sulphur thresh-
ald detector at a given point. Find the total neutron biological dose (in rem) received at the peint in
question.

Solution
1. From Table 4.5:4 read the conversion factor from sulphur flux to the biclogical dose for the
weapon type exploded.

2. Multiply this value for the conversion factor by the sulphur neutron flux, The product is the
biological dose (in rem).

Example

A thin casing, unboosted flasion weapon is exploded and produces a sulphur neutron flux of 108
neutrons-cm=? at the receiver. Find the corresponding total neutron doae {in rem).

2

1. From Table4.5:4 the value of the flux-dose conversion factor i8 7 x 10°F rem-cm®-neutron™!,

2. The total biological neutron dose is then

D = (10% (7Tx10°% = 70 rem

g = .l



4,5:2 DISCUSSION OF DOSE-DISTANCE RELATIONS ,
1 Fiseion and Boosted Fisslon Weapons I

The curves and tablee given in Section 4.5:1 for(fission and boosted fission weaponz)are based

heavily on the Teapot test results of Harris although atiention has alsc beenpaid to prior experimental
work, >» 1, 8,11,12,13,14, 22,23

The Teapot results indicate that the biclogical dose D (in rem) is E\early related to the non-
thermal neutron flux as given for fiesion and boosted fission weaponslby Eq. 4.4:2. Thus

B 5 "

D=ko =585 ¢ M (4.5:1)
47R?

Stnce the source strength S 1s proportional tothe weapon yield W, and the 4r can be includedin the con-
stant

_PR
D= ’-‘ij-"e Mg 4.5:2)
R

The value of k, 18 constant for a given weapon type and receiver environment. ¥ the effects of
these two factors are transferred to the left side of the equation through the use of the previously de-
fined k; and k,,

_._P,__‘_; E’. e 0 {4.5:3)

Results from many series of test shots for low and\intermediate —y-ield fission and boosted fission
bursts fhave shown apparent mean free paths for sulphur neutrons (scaled to standard density air) re-
markably independent of weapon type. Thus the results on a wide variety of weapons give A =210=7 yd.
Since the neutron spectrum of importance is approximately invariant with distance, the apparent mean
path for allEiologically damaging neutrone may be taken as equal to that for sulphur neutrong

If weapon type has any influence on the apparent mean free path, it {falls within the magnitude of
the error quoted above., We may, therefore, expect errors in the dose calculations of the order of

Reolty

due to uncertainty in the apparent mean free path. This error is about a factor of 3 at 6000 yd. The
Probable error in the dose listed in Table 4. 5:3 Includes that due to the mean {ree path,

The fnadequate treatment of the effect of the ground surface has been discussed briefly in Sec-
tion 4. 4. 6. In a very simple way this effect may be considered to depend on two factors, the environ-
ment at the burst point and the environment at the receiver. A rough correction has been made for the
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effect of variations in the receiver emviranment through the use of the ky term. No corresponding
correction 18 presently practicable for the effect of the environment atthe burst point in the face of the
very limited knowledge available om this subject. (An attempt 18 made, however, to inciude the addi-
tional uncertainty in the results from non-surface bursis as compared to surface bursts by estimating
two probable error factors (Table 4.5:3) for average air denstties of p =0 and p = 1.0).

test of the over-all effect of the d surface on the dose was included in the Teapot series,
m Both
the burst point and the receivers were at the surfacefor Teapot 9 burst point and
the recelvers were at approximately 35,000 ft for Teapot 10, When the ron flux measurements23
made at these tests were plotted as R!¢ and as afuncton of R on semilog paper, neither the same zero
intercept nor the same apparent mean free path Jwhen scaled to the same air density) was found. The

experimental errors inthe measurements were sogreat, however, thatthese resultsarenot considered
conclusive.

Fusion Weapons

The experimental results?: 10 of neutronflux and dose measurements for thermanuclear weapons
are much less complete than the corresponding fission weapon results and also much less consistent.
It was felt preferable, therefore, to base the present methods partly on the phenomenological approach
of l?a-ode18 rather than on the experimental measurements alone,

The dose i8 congidered to be given by the following equaton, which 18 a combination of Eqs.

4,4:2 and 4.4:3.
/
f Riq

] 5“[“’ ' (T)J

D _ All-M)

RkeW o
_ PR
s AA-M X (4. 5:4)
R!
_bpR
- Ay(M) e Ay
RZ

The first term represents the dose dueto 14-Mev fusion neutrons. The second term represents
the dose due to the lower energy fusion neutrons and the third term represents the dose due to flssion
neutrons.

The values of the canstants to be inserted in Eq. 4.5:4 are

ky =1.0

M =1/2

A, =1.43 x 10" rem-yd*-KT /

P ’\, =8.0 x10" rem-yd?-KT - ;

v Ay
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A; =1,0x10% rem-yat-gT
Ry, = 3160 yd

M, =210 v

Ay, =330 yd

Theterm k; and ita value of unity are insertedin the equaﬂunfor fusion weapans merelyto makeg
the notation consistent withthat for figgion was e 1
the value of 1/2 is roughly :

The value of A is calculated from

(1,05 x 10%) (2.86 x 1079 (0. 5)

: = 143 x 1p8 mm-yﬂ'-x'r" (4.5:6) | i
(47) (81.4) ‘

S

There are[1, 05 x 10% 14-Mev fusion neutrons generated per KT under conditions of partial burn. The
conversion factor from flux to dose (in rem) is taken!S to be 2,86 x 10™° rem-cm?-neutron ", JA trans-
mission factor of 0.5 i8 assumed for neutron penetration of the weapon components, value 18
quite approximate and may be low for the newer weapon types, There are 91.4 cm-yﬂ The calcu-
lated value for A, isclearly uncertain but it 1s believed that there 18 lttle potint in attempting to further
refine {8 accuracy until more consistent and relizble measurements became availahle.

A.{';

Ay 18 chosen 88 an average value for Iission weapons. Since the low energy fusion neutrons (t:-’

a very coarse approximation) are comparable to the {ission neutrons in energy, the ratio A,/A, should
he appro:umately equal to the ratio of the number of low energy fusion neuirons generated per KT of
fusion yleld to the number of fission neutrons generated per KT of tiaston yleld, This ratio is 1.05 x
10%/1.3 x 10® or about 8, thus, A, = BAy. There are probably large errors associated with the chofce
of values for A, and A, but these errors are not particularly fmportant since the second and third terms
of Eq. 4.5:4 are small relative to the first. Almost all of the dose comes from the 14-Mev fusion
neutrans.

The values of Ry, and A3, were cbtained by fitting Eq. 4.5:4 to Castle results, The valve of A
| was obtained from fission weapon results. —

As has been indicated in Table 4. 5:3, the over-all errorsin the predictionof neutron dose from
thermonuclear weapons are belleved to he much greater than those from figsion weapons,

4.6 RELATIVE IMPORTANCE OF NEUTRON RADIATION

The relative importance of nevtren radiation must be judged by comparison with 21l other wea-
Ppon phenomena capable of inflicting damge. Such phenomena include initial gamma radiation, residual
gamma and beta radiation (fallout), thermal radiztion, and blast damage. Several of these are in-
commensurate since they involve damage effects of entirely diiferent types, and proper definition of &
comparative criterion ia difficult,

Comparison of neutron and gamma radiation, however, is relatively straightforward. The
apparent mean free paths for ﬂsaion 5product and nitrogen capture gamama radiation are much longer
than those for neutron radiation. 1 The total neutron energy released at the point of burst, how-
ever, 18 comparable to or grenter than the corresponding gamma energy. There exists, therefore, a
spherical volume surrounding the point of burst within which the neutron doge is greater than and out-
side of which the neutron dose 18 less than the gamma dose. This equal-dose radius is dependent ona
rumber of factors, inecluding the weapon type, and yleld burst height, and burst enviranment.

Based on the results of Bection 4.5 and of Chapter 3, equal-dose radii can be determined fo
epecific situatione, Thus, for surface|bursts (o = 1,0) over land of a 20-KT, unboosted, ea.ea_n::l
the equal-dose radiug is less than , Where both neutron and gamma doses are in ; for a
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@-K‘I‘, boosted weapon under the same conditions the equal-dose radius is about 1800 yd,
high altitudes radius increasesas attenuation due tothe medium decreases and the fixed attenuation
due to distance (the R? effect) assumes increased relative importance. Somewhat differently we could
say that at anyfixed distance from the source neutron radiation {8 more important compared to gamma

radiationat high altitudes than at low. ¢ Thus, at an altitude 44,000 ft {p = 0.2) the equal-dose
[ radt for a 20-KT, u.nbnosted-a.nda 20-KT, boosted weapon’are less than 500 yd and

greater than 7000 yd, respectively.

For high yleld thermonuclear weapons the situation 18 more complicated.{ The neutron dose per
KT is increased because the fusion process is more productive of neutrons than e fission process.
However, the gamma dose is also greatly enhanced because of the hydrodynamic effect. The removal
of the attenuating medium by the hlast wave occurs at a time when the fission product gamma source is
still relatively strong but when the neutron source has probahiydisappeared. Although the uncertainties
are much larger, tased on the results given in Section 4,5 and in Chapter 3, one can estimate equal-
dose radil for the high yleld weapons comparable to those given above.

A somewhat broader study of the damage effects of low and intermediate yleld weapons dueto
other mechanisms involved in the explosion, in addition to neutron and gamma radiation, has been
conducted by Ifand.6 we may, following Hland, define for any particular phenomenon a critical radius
such that for smaller distances from the point of lnrst the damage 1is greater than a sultably defined
critical level, and for larger distances the damage i8 less than the critical level. @hst damage,
neutron, gamma, and thermal radiation were considered for ylelds of 2 and 20 KT, altitudes of 0 and
40,000 ft, and low (thick explosive shell) and high (thin explosive shell) neutron flux weapons. zThe
critical damage levels chosen are 400 rem for neutrons, 400 rep for gammas, and 1B cal-cm f.ﬂ

————,
TABLE 4. 6:1
Comparison of Critical Radit Due to Several Damage Mm’:ha.uisum6

Critical Radius, yd

Neutron Gamma Thermal 1)
Dam - ircrafl
Weapon Yield, Burst Dose Doge Radiation Blast age to B-29 Type Aircraft
Type KT Altitude, ft (400 rem) (400 rep} (18 cal-cm-?) Nose-Om  Most Vulnerable Orientation
Low neutron 20 0 700 1300 1700 850 2300
flux
Low neutron 20 40, 000 1509 2800 1800 1100 2100
flux
High neutron 20 0 1200 1400 1700 850 2300
Nux
High neutron 20 40, 000 3200 3300 1800 1100 2600
flux
High neutron 2 40, 000 2400 1800 600 500 1200
flux
51

See Reference § for criteria of blast damage.

%ﬂ radiation. (Thermal radiation at this level 1 sufficient to heavily damage 0, 016-in, polished
aluminum aircraft slgin.& The blast damage criterion cannot be simply defined and the reader is re-
ferred to Ifland’s report® for the details of this definition.

Results of the comparison are shown in Table 4. 6:1, e critical radius for neutrons isless
than the critical radius for gammas except for the high neutronTlux, 2-KT weapon at high altimde;l As
expected, the relative importance of the neutron dose compared to the gamma dose increases with in-

creasing altitude and with decreasing thickness of the high explosive shell. At high altitudes the neutron
radius also tends to become larger than the critical radius for thermal radiation and/or blast damage.
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4.7 NEUTRON ENERGY SPECTRUM

Experimental test bursts previous to the Castle series usually included instrumentation only for
Eulphur (3-Mev threshold energy) and gold {0.3 ev cutoff energy) neutrons, thus omitting the entire
energy Bpectrum between 0.3 ev and 3 Mev. {Gold neutrans, as indicated in Section 4.3, cantribute
negligibly to the biological effect.} Fission detectors, which cover the missing range, did not yleld
results easily interpretable until the Teapot series) glthough they were tried at Castle for thermo-
nuclear weapons but without very consistent results.] Use of fission detectors at Teapot, however.
established the energy distribution over the energy range of interest for several weapon types. (The
fisaion detector results also established the invariances of these spectra with distance - see Section
4.3.3.)

Tuble 4. 7:1 shows the percent of the total{neutran flux and dose (in rep) in the various energy
ranges of interest for unboosted and boosted fission weapmﬂ based on the Teapot data. Conversion
of flux to dose (1o rep) may be accomplished by means of the Tactors listed in Table 4.3:2. The gpectra
are given independent of distance and are ¢lassified into three broad categories of weapon type. This
classification 18 almost certainly incomplete and subject t0 extension. At the present time, however,
the effect of further differences in weapon type lles within the error of the measurements,

The Teapot results do not show the energy distribution above@ev of the 14-Mev fusion neu-
trone from boosted fission weapons since no detector with a threshold energy greater than 3 Mev
{sulphur) was used. All neutrons with energies above 3 Mev were included in the sulphur detector re-
sults and examination of Table 4.7:1 indicates that the contribution of the 14-Mev neutrons to either
the flux or dose {in rep) is not large

No information corresponding to that given in Table 4. T:1 IorEsim and boosted fission weap-
ons 1s presently available on the neutron energy spectra from thermonuclear weapons, As previously
noted, spectral invariance of fusion neutronsfca.nnot be assumed at this time; it is probable that con-
Bideration of the variation of the spectrum with distance will be necessary,

4.8 DELIVERY RATES AND THE HYDRODYNAMIC EFFECT

The preceding sections have dealt almost exclusively with the neutron flux or dose integrated
over all time, Implicit in this treatment has been the assumpHon that all or moat of the neutrons
arrive at the receiver almost simultaneously with the me of burst, i.e,, before the blast wave has
any appreciable effect. This appears to be a reascnable assumption on the basis of our present under-
standing of neutron time behavior,
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The following paragraphs discuss the neutron delivery rate and its relationship to the hydro-
dynamic effect. The discussion will consider first the prompt and then the delayed neutrons, Finally,
some of the very limited experimental delivery rate measurementa will be presented,

4.8.1 PROMPT NEUTRONS

Prompt fission neutrons are those which are born at the time of the fission reaction. This

Eaction is completed very quickly, within 5 x 10~ sg_cj The fusion reaction produces only prompt

neutrons and proceeds even more rapidly than fission. Thus, all prompt neutrons are emitted es-
sentlally simultaneously with the time of burst,

Those prompt neutrons from either fission or fusion which arrive at the receiver while still a
high energy and corresponding high speed (a 3-Mev neutron travels at a speed of about 2.6 x 107
yd-sec ) must do 8o without suffering many collisions in transit. It may be inferred, therefore, that
they arrive after only a very small transit time and before the blast wave. (The speed of the blast
or shock wave 18 leas than 10° yd-aec except for very short distances from the point of burst.)
Traveling ahead of the blast wave, they should be unaffected by it.

The remaining neutrons are either slowed down by collisions within the weapon, or in the atir,
Those neutraons which are slowed down in the weapon may became trapped in the bigh explosive shell,
This entrapment 18 only temporary and of short duration since even low yleld weapons expand very
rapidly, releasing the neutrons to the atmosphere in the process. (A 20-KT flssion weapon will have
expanded to about 50 ft in diameter in about 100 microseconds.) Once the low energy neutrona are
released from the weapon, they travel at somewhat reduced average velocities. (Thermal neutrons, for
example, travel only at about 2400 yd-sec” ! petween collisions. Their average speed is much less than
this since they travel more by the random process of diffusion than by the relatively straight line path
characteristic of fast neutrons,) Thua, the low energy and particularly the thermal neutrons may fall
behind the shock front and experience blast wave enhancement, ¥

The lfetime of these (neutrons) is quite short, however, and so therefore is the time over
which they are exposed to the blast wave. The mean lifefime of any neutron slowing down in standard
density air s only about 0.07 sec and is independent of {t8 original energy. A neutron released at
bomb thermal energy (approxtmately 1 kev) will slow down to 0.5 ev tn about 0.0027 sec. (For air of
less than standard density, neutrons will live longer on the average.) Since the blast wave effect 1s
quite small at short times after the blast, it may have scme influence on the lower energy prompt
neutrons, but their short lifetime precludes any major blast wave effect.

The neutrons which are slowed down in air behave in the same general fashizn a3 thase slowed
down in the high explosive shell, once the latter are released from the weapon. The preceding dis-
cussion therefore applies in general to both neutrons slowed down in air and in the weapon casing,

It would seem that the prompt neutron flux and dose, due both to the biologically damaging fast
neutrons and the less {mportant low energy and thermal neutrons, should be dellvered very quickly -
well within one second., As a consequence, the blast wave effect should be unimportant for prompt
neutrans,

4,8.2 DELAYED NEUTRONS -

(-\ A small fraction of the ﬁsﬂlnn neutrans 18 emitted{rom the f{ssjon products rather than at the
time of the nuclear reactiom, 25, 26 They are therefore somewhat delayed in time of emission and
appear later in the delivery rate curve.

Fission of U*®, U, and Pu® has, in each case, produced the same slx major groups of de-
layed neutrons. The half livea of the precursors of these groups of neutrons vary from 0,15 tp 54 sec
and the delayed neutron energies vary from 0.25 to 0.62 Mev. The relative abundance of each group
depends on the fissionzble material and to a much lesser extent on the energy of the neutroms causing
fission. The most important characteristics of the delayed neutrons from U*S, (2% and Pu®® are
tabulated by group in Table 4.8:1. The relative abundance of the delayed neutrons varies from 0, 23 to
1,47 percent of the total number of neutrons produced for these three fisstonable materials,
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K their relative abundance and energy were the only factors which detsrmined the magnitude of
the delivery rate of delayed neutrons, these neutrons could be szfely neglected in comparison to the
prompt neutrons. Because of the late emission time, the importance of the delayed neutrons may be
multiplied, however, by the blast etfects, particularly for intermediate and high yield weapons.

TABLE 4,8:1
r— Delaysd Neutron Characteristics for US%, yB® and pu™®

Half Life of Delayed Delayed Neutron Percent of Total Fission Neutrons
Neutron Precursar, sec Energy, Mev e | it Pyt
54 0,25 0.03 0.01 0.01

22 0.58 0.15 0.15 0.06

5.8 0.43 0.13 0.23 0.04

2.1 0.62 0.28 0.80 0.09

0.45 0.42 0.09 0.35 0.03

0.15 - 0.01 0.13 0.00
? 0. 69 1.47 0.23 }
The attenuation of delayed neutrons is reduced relative to that of prompt neutrons by two sepa-
rate effects of the blast: (1} the removz] of thre hydrogenous high explosive shell, and (2) the com-

pression effect on the atmosphere between the neutron source and the receiver. Thus the exponential
for prompt neutrons traveling through the high explosive and the unperturbed medium is

e = (HeRe + HgtmPatm)

where the subscripta e and atm refer to the explosive and atmoéphere, respectively. The exponential
for delayed neutrons in the non-homogenecous atmosphere is

R
- f uatm (rl t) dr
e 0

and 18 a function of both position {r) and time (t). ‘The second exponentiasl will be larger and in some
cases it may conceivably be considerably larger than the first.

The magnitude of these blast effecta anthe delayed neutron fluxand dose baa not yet been prop-
erly evaluated, Based on the Iittle that we do know, the effects are believed t0 be small for weapons
of current design, primarily because these weapons have thin high explosive casings and the corres- ’
ponding value of weRp 15 relatively amall,

It would appear, therefore, that neither the relative abundance af the delayed neutrons nor the
multiplylag effect of the blast is large enoughto make the delayed neutron dose a significant part of
the total neutron dose.

4,.8.3 EXPERIMENTAL RESULTS

Experimental data on delivery rates are rare and not very reliable. Determination of delivery
ratee by theoretical calculation is difficult and here, tog, little has heen done.



Thermal (both prompt and delayed} neutron delivery rates were measured at Greenhouse using
fission fragment cameras. Unpublished results ahow a definite second maximum in the delivery rate
curve; this is ascribed to blast wave enhancement. This finding tends to substantiate the argument
given above, namely that the thermal neutrons fall behind the blast wave dus to their relatively low
velocity and random path, Attempts were also made at Greenhouse to measure fast neutron delivery
rates vsing U3, These resulis were inconclusive, however, because of contamination of U by U*S,
which 1s sensitive to thermal neutrons,

Figure 4.B8:1 shows the results of essentially thermal neutron delivery rate experiments at
Buster Bakerll (3.5 KT} and at Tumbler Snapper 4 (aleo known as Snapper 1) (19 KT).5

It is seen that for both Bustsr Baker and Tumbler-Snapper4 the dose was received within about
one second of the burst. Both yields, however, were too low to expect any second maximum in the
curves due to blast wave enhancement,

I blast wave enhancement of the neutron flux or dose does occur and is in any way important
for high yleld bursts, the proper flux-and dose-distance equations will not be in the form of either
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Eq. 4.4:2 or of Eq. 4.4:3. They should resemble Eq. 4.4:3 In that the apparent mean free path at
small distances should be longer than at large distances. The change in apparent mean free path with
distance should, however, be yleld dependent in a way not suggested by either Eq, 4.4:2 0r4.4:3. It
would be possible in principle, of course, to use Eq. 4.4:2 in combination with a hydrodynamic acaling
factor as was done in Chapter 3. Sufficient data for determining such factors are not known at this
time.
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4.9 MILITARY SHIELDING

-
-

The protective effects of shielding have been i.nvastlgated“: 28 experimentally primarily using
sulphur (3-Mev threshcld) and gold {thermal) neutron detectors. As previously noted, these detectora
do not cover the energy range of greatest biological importance and data obtained from them are there-
fore of somewhat limited value, In addition, there have been afew experiments during the Teapot series
which utilized fiagion detectors for the energies between thermal and 3 Mev. Direct biological experi-
menis {see Section 4,3) to determine the shielding effectiveness of military structures have not been
performed. A broad review made?® of the data on neutron 8hjelding experimental results sharply
points up the very wide scatter in the experimental results. In addition to this lack of consjistent ex-~
perimental results, thus far there has been no satisfactoery calculational procedure for the effects of
shielding on the neutron flux or dose.

In these circumstances anly representative experimental data from specific test bursts and for
the detectors actually used can be presented. The material given can be applied, at least crudely, to
future situations, although greater discrepancies will arise the further the conditions of interest are
from thoae under which the data were obtained.

The data are presented in the form of flux transmission factors. The flux transwmission factor
is defined as the ratio of the flux inside the shield to the open air flux at the same position (both fluxes
in the same specified energy range). Transmission factors are given for faxholes, vehicle trenches,
soll, and protective structures of various designs. P

? Fig. 4. 9:1 shows transmission factors for two-man foxholes obtained?? by averaging data from
/ Teapot bursts 3, 11, and 12 (all tower shots). The accuracy is probably not better than a factor of

1.5 for the sulphur and 1,3 for the gold neutron flux transmission factors. It is seen that the gold
neutrong persist in quantity to considerable depths, while the sulphur neutrons are attenuated more
e_sily. The data show considerable scatter which seems to exhibit title correlation, even with dis-
tance from ground zero, Points are alac plotted for intermediate energy neutron between 4 kev and
1.5 Mev and between 1,5 and 3 Mev, as measured by Np®*', Pu®¥, and UP" figsion detectors.
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vehicle trenches at 700 yd from ground serc were tested for shielding etfect at Teapot 12
(24 KT)27. Sulphur nevtron flux transmission factors varied with position from 0.25 t0 0.37, while
gold transmission factors varied {rom 0, 69 to 0,88,

Transmission factora for soll were measured at Upshot-xnotholeao using sulphur and gold de-
tectors. The measurements were made for soil thicknesses up to 3-1/2 ft and distances from ground -
zero between 400 and 750 yd. The average flux tranamission factor reported for sulphur neutrons is_
0.1 per ft of soll.

Sulphur and gold flux transmigsion factors for several protective structures both above and be-

\l/o'af'ound were also measured at Teapot 12. 27 The results of these measuremenis are presented in
Table 4. 9:1, f

The OCE underground structures were reinforced concrete cells with beam-supported, earth-
coveresd roofs. The cells were 10 ft wide, 21 #f long and 8 ft high. The thickness of the earth cover
varied from 1 to 8 It,

The OCE-Duplex underground structure was similar in construction but had two rooms. The
structure was positioned so that each room was side-on to the blast. The building was B ft wide, 18 ft
long, 7ft high, and had 2 ft of earth cover.

The two Navy Armeo structures were above ground and of the Quonset-hut type, constructed of
10 gauge (0.14 in) corrugated steel plate, They were 25 ft wide, 48 ft long and 12 ft high. 1In one case

9 1/2 1t of earth cover was used on the crown, with the earth thickness on the sides increasing to about
15 1/2 ft. In the other case there was zero thickness of earth at the crown and abaut 12 ft of earth at

the sides. .
The Bureau of Docks structure was a precast concrete gable shelter above ground. It was 22 fi
wide, 48 ft long, and 13.5 ft high.

The instrument shelter was 9 ft wide, 2p-1/2 ft long and 12 1/2 ft high. It was constructed of

2 1/2 ft thick concrete and wag partially underground, The portion of the sides of the shelter pro-
truding above ground was banked with earth but no earth cover was used on the shelter roaof.

Further information on these structures {8 contained in Section 3. 7.
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Chapter 5

RESIDUAL GAMMA RADIATION

5.1 INTRODUCTION

Fallout is the name applied to radioactive debris from a nuclear detonation which, after some
residence in the atmosphere, seitles upon the earth’'s surface. It is a significant source of radiation
only for high yield weapons, say of the order of 0.5 MT or greater, and for bursts which are low
enough to ailow the fireball to intersect the earth’s surface. Bome fallout occurs in small but measur-
able amounts at places thousands of miles removed {rom the point of burst. It is notat this time known
to what extent deleterious effects may result{rom the radiations associated with this far-ranging fallout.
The present study, however, is not concerned with fallout in relatively distant areas but rather with
fallout in regions within a few hundred miles of the burst where activity is deposited in such amounts
as to create an immediate hazard to health and safety.

Until the Greenhouse and Jangle test “series (1851) there had been very little investigation of
fallout phenomena. The particle and monitoring studies at Jangle and the accidental contamination of
a number of Marshallese, Americans and Japanese as a result of the Castle test focused attention on
the problem. Considerable effort has been subsequently devoted to fallout. Some of the fruits of this
effortas wellas some of the remaining unansweredquestions are dealt withindiscussion which follows,

This chapter covers such matters as the mechanisms by which fallout occurs, some of the
devices used to compute and predict fallout patterns with some results, the rate of decay of fallout, the
means of scaling experimentally observed fallout patternsto conditions other than those which prevailed
during the experiment, the time of arrival of the contaminant, ghielding, and some lesser asgociated
topics. For most of the material there are large gaps in our current understanding, and what is pre-
sented frequently contains ambitious extrapolations from what is known, It is to be hoped that with
further time and effort our understanding of these matters will come fo rest on a firmer basis.

An excelient study of the physical phenomenology of fallout has been made in Project Aureole, !

5.2 MECHANISM OF FALLOUT

When a nuclear weapon explodes, the temperatures are high enough to vaporize the bomb and
casing materials. As the hot gases rise and cool, these materials condense to particles of the order of
one micron diameter at most. These particles, in the absence of other large particles to adhere to,
remain suspended in the atmosphere for long periods of time and, generally speaking, settle out in low
concentration over much of the earth’s surface. Occasionally, local meteorological conditions cause a
heavier than average deposition at some place. There then arises the phenomenon of fallout at places
remate from the point of burst.

If, however, the burst occurs sufficiently close to the surface that the earth is intersected by
the fireball, earth is mingled in the fireball with the bomb and casing materials. The earth particles
are very much larger than the bomb particles, probably because much of the earth does not vaporize.2:3
Active material accumulates on or in many of these particles, rendering them highly radicactive. These
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particles fall inthe gravitational field with velocities modified by the air resistance. They are carried
Jorizontally from the point of buret by the winds at the varfous altitudes through which they fall.

The active particles begin settling upon the earth in important quantity immediately after the
burst, and about one day later the fallout pattern {8 essentially complete. The contour of the con-
taminated region is, in most cases, roughly oval in shape (although substantial distortions from this
shape may occur) with the elongated portion indicating the downwind direction for the effective wind
averaged over altitude. The area of contaminzition and the intensity within that area depend principally
on the wind field and the bomb yield.

Rain, snow, or hail can accelerate fallout somewhat since active particles are caught by the
precipitation and brought tothe ground more rapidly than otherwise. Higher intensgities of activity may
result over small areas. This scavenging may not be too {mportant, however, because for the high
yield burgts the active material probably spends much of the time at altitudes higher than those at
which water vapor collects.

The following is alisting of the principal parameters which determine fallout dose and dose rate
contours, OQur knowledge of most of these parameters is quite acant, and our ability to predict fallout
patterns is thereby severely limited,

(=9

Yield and type of bomb

2, Burst height

3. Soll type

4. Shape of cloud and stem

5. Height of cloud

6. Fraction of activity scavenged by particles =

7. Spatial distribution of particles within cloud

8. Particle shape and density

8. Particle distribution in size
10. Distribution of activity among particles by size
11. Law guverning atmospheric resistance to fall of particles
12, Wind vector field as a function of time and of the three space coordinatea
13. Response of particles to forces exerted by wind
14. Lateral diffusion of particles

The items in the foregoinglist are notall independent. A complete specification of atmospheric
and goil conditions, of weapon type and yield, and of burst position would, in principle, fully determine
the problem. At present, however, it is not known how to proceed to a solution from these initial
conditions without making further aggumptions about the details of the mechanism, and, in particular,
without invoking most of the above parameters.

5.3 COMPUTATION MODELS

A number of organizations have addressed themselves to the problem of computing fallout pat-
terns from given data about the npature of the bomb, the burst, and meteorological conditions. The
preceding section ligted fourteen parameters a8 determining the fallout pattern. Each of the compu-
tation models which have been devised treats some of these parameters difierently from the other
models, Hence, for some {nput conditions, in particular for thoge conditions where the wind direction
varies strongly with altitude, the results producedusing one model can differ markedly from the results
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produced using another model, Figs. 5.3:1 and 5. 8.2 present two wind fields, Conditions A and B, re-
spectively, and the hypothetical fallout patterns baged on these wind fields and calculated by several of
the computation models. (The wind fields shown were actually cbserved at potential target areas.) It
is clear that there is a wide disagreement on the nature of the fallout pattern to be expectedin windfields
such as Condition A (Fig. 5.3:1). On the other hand, in spite of some spread in the results, there.is
approximate general agreement on the pattern of fallout to be expected in wind fields such as Condition

B (Fig. 5.3:2).

These examples are cited for the following reasons:

1. To show that there is nothing like unanimity of opinion as to how to predict fallout, In the
poor state of our pregent knowledge it is necessary to uge the material of thie chapter only
in the realization that it represents best estimates and that it can contain considerable

error.
2. To point up the need for the development of better techniques 1o compute fallout.

3. To stress the need of extensive further observations at weapons tests to evaluate the para-
meters of fallout, which are so inadequately known.

There is no sound criterion atpresent available against whichto judge the validity of the results
from the various models. The fallout from the Jangle surface shot was fairly well recorded; there was
a partial record made of fallout from the Castle Bravo shot in the Marshall Islands; and the patterns
from some of the tower shots in Nevada were very sketchily recorded. ARDC claims t¢ have duplicated
the fallout patterns Ior several of these shots including Jangle surface and Castle Bravo; 5 Rand Cor-
poration claimsto have reproduced the Castle Bravo pattern, 6 and USNRDL. the Jangle surfacepattern.
Yet these three agencies show no agreement whatever in Fig. 5. 3:2. The reason for this disagreement
lies in the large number of unknown paramete’rs in the calculation, When the sclution is known befare-
hand and with judicious selection of values, almostany model can be made to produce a desired pattern.
Furthermore, because there are so many arbitrary parameters available, a given model can be forced
to agree with a good number of measured situations. This gives no guarantee, however, until agree-
ment has been found in many qualitatively different situations, that the model will necessarily produce
a correct pattern in 2 situation where the result is not known a priori,

it seems advisable to select from among the presently available models that which appears to be
the most promising, even though the bases for selection are indirect. Evaluating the models as to
(1) the exoerience of the agency, (2} the techniques and facilities used by the agency, and (3) the general
credibility of the assumptions, we are led to choose the Rand model from among those now existent.
This shouldnot be taken as a blanket endorsement of the Rand method or condemnation of other methods.
We believe that the Rard method can be improved by incorporating into it some of the better features
of models of other agencies, that it can undoubtedly be improved as more information becomes known,
and that evenis of the future need not necessarily establish it as the best of the methods now available,
Nevertheless, if an interim reliance is to be placed on one of thege methods, our choice would be the

one developed by Rand.
The Rand model contains the following features. 87
1. Only surface bursts are handled (in common with most other models).

2. The cloud and stem are taken as cylinders of different dimensions. The coarse over-all
diameters used in the Castle Bravo computation, however, are noticeably less than those
actually observed.

3. Rand has 2 general scheme of cloud heights which admits variation with weapon yield,
season, and geographical location.

4. The spatial distribution of particles withinthe cloudis exponential, following the surrounding
atmosphere.
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The cloud contains 90 percent of the activity, the stem 10 percent, ARDC has assumed 80
percent inthe stem and 20 percent in the cloud for surface bursts. It is principally because
of disagreement over this parameter that such large differences occurred in the proposed
solutions to the previously cited example.

Particles are taken to be spheres and a corresponding aerodynamiclaw of fall is used. The
assumptions of Technical Operations and USNRDL of irregularly shaped particles with
corresponding laws of fall seem superior,

The activity distribution by size of particles is chosen ad hoc to fit the Jangle surface shot
fallout pattern, It would seem preferable to use the size distribution observed in the
USNEDL sampling even if there is some question as to the adeguacy of the sample size.

Particles are assumed to move laterally with the local wind velocity (which varies with
altitude) but without diffusion.

The wind may be varied in time.

The computation is coded for a high speed computing machine, thus adiding immeasurably
to {ts value.

Comparative discussions of other models can he found elsewhere. ?

For defensive purposes it will be necessaryto have a means of computing falloat which is much
quicker than the method indicated above, Either a rapid and reliable approximation or an analogue
simulator or both are desirable. Unti] such time as cur understanding has progressed to the pomnt
where we are able to compute reliable patterns by long and tedicus methods on digital computers. how-
ever, there can be little hope of developing the required ghort methods.
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5.4 DECAY OF ACTIVITIES

Some of the most important information related to fallout is that concerned with the decay of
activity, The reasons for its importance are twofold: (1) it has direct application in many operational
situations, and (2) the facts about it are quite well known.

A source of activity, by the very reason of its radioactivity, becomes weaker with time. The
process is referred to as decay. The decay characteristics of most nuclides which might be found in
fallout debris are rather well known. It is therefore possible to construct total decay functions and
simplified analytical approximations for them and to glean subgtantial results from their manipulation.

The low energy components of the fisgion product gamma radiation have not been thoroughly
studied up to this time and their contribution to the total radiation remains unknown. As a conseguence,
there is some uncertainty inthe average fission productenergy and in the time vartation of thataverage.
Nevertheless, barring quite radical changes in the radiological potentialities of the weapon, the results
presented in this section should be applicable within moderate limits of error - perhaps 25 to 50 ger-
cent,

Some of the questions that can be answered by the methods of this section are as follows;

1. If the dose rate at a given location and time after burst is known, what is the dose rate at
any other time at the location?

2, 1i al some location the dose rate is known at a given time after burst, how much dose will
be accumulated at the point during any time interval?

3. I the time required to reach an uncontaminated zone from some point within the fallout
area by the most direct route is known, together with the shielding available during transit
and the shielding available at the starting point, at what time should evacuation be under-
taken to minimize the accumulated dose?

One very importantrestriction must be placed onthe use of the methods described below, They
should not be applied at any time before faliout is substantially complete. Before then, the dose rate
expressed as a function of time depends mainly on rate of transport of material by the wind and very
little on decay.

Experimental measurementsl? have been made of the activity encountered at Castle Brave due
to fission products and maaterial activated by bomb neutrons. Based on these measurements and on the
assumpiion that the average gamma ray energy is not a strongly variant function of time, the corres-
ponding dose rates can be calculated. Fig. 5.4:1 is a plot of dose rates based on the Castle Bravo
measurements; the rates are presented as the ratio of the dose rate af time t tothe dose rate 1 hr after
the burst. This ratio is called F(t) for convenience. Thus,

D(t)

Fit) = - (5. 4:1)
H+1)
where
b(t) = dose rate t hours after the burst
D(H+1) = dose rate 1 hr after the burst,

Therefore, if the dose rate is known at any one time ;,, it can bs found for any other time t,
from Fig. 5.4:1 and the simple relation

: R -
) = gy D (5. 4:2)
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Fig. 5.4:2 is a plot of the variation with time of the dose accumulated between 1 hr after the
burst and any later time t, divided by the dose rate at 1 hr after the burst. Thus, Fig. 5.4:2 presents

t .
f Dit') dt’
t
D(H+1,t) = H+.l =f F(t') at’ (5.4:%
D(H+1) D(H+1) H+1

where D(H+1,t; = dose accumaulated between 1 and t hr after the burst,

If, after the fallout is complete, the dose rate is known to be b(tk) at some time ty, then

DH+1) =

F( tk}

b(tk)
(5.4:4)

and the dose accumulated between 1 and t hr after the burst is

D(H+1,t} = Ry

b(tk) D(H+1,
D(H+1)

~ f F(t' dt (5. 4:5)
H+1
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Similarly we may calculate the dose accumuylated ata givenlocation during any time periodafter
fallout is complete. If the dose rate at a given location atany time ¢ after fallout is complete is D{y),
the expression for the dose accumulated during the time period ty, to b (t, >t} is

IXH"'ls tn) = D(H+1: tm)

Dty ty!

D(t) /D(E+1,t)  DIH+1,ty

- (5. 4:6)
Pl \ ime1) D(H+1)
D [ 4 e
- f F(Y) - f F(t)
H+1 H+1

Thus, Dity, t,) can be found from the known value of l')(tk; and from Figs. 5.4:1 and 5. 4:3,

Finally, if there is an uncontaminated area within a reasonable distance, it may be of importance
to evaluate the destrability of remaining in a place of shelter within the fallout field as compared to
evacuation. It is possible, using the relations given above, to determine the time at which the shelter
should be evacuated to minimize the total dose received from fallout. As above, this method can be
applied only if fallout is complete before the time of evacuation. Assume the following:

1. that the transmission factor available within a shelter at a point inside the fallout fieild is

Tg and that the transmission factor available during transit (the shelter afforded by a ve-
hicle) is Ty. (The dose transmissjon factor of any shielding structure is defined as the
ratio of the dose rate inside the atructure to the dose rate outside. )

2. that the dose rale encountered in transit through the contaminated area falls off linearly,
with time of transit, from the dose rate at the point of departure.

Then, if

ty = some time after fallout is complete and at which the dose rate is known at the point of

interest
t; = any convenient time after fallout is complete at the point of interest

tmy = time at which the point is to be evacuated
. ty = time at which the uncontaminated area is reached
D{ty) = known dose rate at time ty,
Dp = dose accumulated from time t; to time tp, in the absence of shielding
Dp = dose accumulated during time of transit If there is no shielding during transit

Dp{tm} = total dose accumulated from t, to the time that the uncontaminated area is reached t

D(t,) ' t-ty
DB = —m f F(U 1 - tn - tm dt (5. 4!7}
tm

= -—



DT(tm) =D A + DB
] {5.4:8)
D(t,) tx:u:t b t-t, .
- T | T f F(h dt + T, f O e
t tm :

It is clear from physical considerations that if T, * Ty evacuation should be immediate. o
however Tg < Tyit is necessaryto examine the derivatives of Eq. 5.4:3 with respect to t,, to determine

the optimum evacuation time. For this condition the optimum evacuation time is found to be that at
which tp, satisfies the following equation.

T th
v 1
F(tm) = -'IT F(t.m) - 'tn—_g f F(t) dt
tm

(5. 4:9,

Fig. 5.4:3 is derived from Eq. 5.4:9 and gives the values cf L, the time after the bomb burst
at which evacuation should be started to minimize the dose received, as a function of Ty/T,. The
transit time t -t,, is given as a parameter.

-
-

Even in the absence of adeguate methods to predict dose and dose rate patterns, the information
which is available about decazy rates is extremely useful. It is to be presumed that in the event of a-
nuclear attack by an enemy power, affected areag willbe metered for dose rates atthe earliestpossible
moment, The knowledge of the time behavior of the metered activity would then permit informed on-

the-spot planning of personnel and materjal disposition,
PROBLEM 1

The dose rate is known to be f)(ta) r-hr-! at a given location at (1) H+1 hr and (2) H+t, hr.
For each of thege two cases calculate the corresponding dose rate t, hr after the time of burst.

Solution

1. From Fig. 5. 4:1 read F(ty), i.e., the value of F(t) when t = .

2. For case (1, the required solution is

Dy, = Dity) Flty)
3. For case {2) read from the same figure F(ta) as well as Fit). The required solution is

] . F(t,)
DY) = D{t_a) ---—)-F(ta
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Example

The dose rate at a point i8 required at H+10 hr. The dose rate at that peint is known to be
400 r-hr-! at (1) H+1 hr and (2} at H+5 hr. (Fallout is complete by H+1 hr.)
1. From Fig. 5.4:1, F(10) = 0,04

2. For case (1) the dose rate at 10 hr is
D(10) = (400) (0.04) = 16 r-hr~!
3. For case (2), F(5) = 0,13 and the dose rate at 10 hr is

) (0. 04)

= -1
018 - 123 r-hr

D(10) = (400

PROBLEM 2

The dose rate at a point within the fallout field ia known to be D{t,) r-hr-' at time It is
desired to know what the accumulated dose at that point will be in the time interval t,, to t;. Faliout

was complete at that point before time t,, which was earlier than t, or tp,.

X
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Solution

1. From Fig. 5.4:1, find F(ty).
t tm

n
2. From Fig. 5.4:2, find the values of f F(t) dt and F(t) dt.
H+! H+1 :

3, The required accumulated dose is

o b tm

Dity, ty) __'1;)- f F(t) at - f F(t; dt
F(
H+1 H+1

Example

Fallout was complete at a point at H+5 hr. The dose rate at that point at H+86 hr is 50 r-hr-t,
How much dose accumulates at the point between H+5 and H+ 10 hr?

1. From Fig. 5.4:1, F(6) = 0,09

( 10
2, From Fig. 5 4:2, f Fitydt = 1,5, f Fitydt = 1.2
H+1 H+l

3. The required accumulated dose is

50

D5, 10} = 00

[1.5-1.2] = 167,

PROBLEM 3

Fallout was complete at a point before time ty. There is a shelter at the point whose shielding
affords a gamma ray transmissionfactor of Tg. An evacuation vehicle is ava.ilab}e and it has a gamma
ray transmission factor of T,. Assume that there is an uncontaminated area available and that it takes
tn - tm hr to reach this area. Further, assume that during transit the dose rate (outside the vehicle)
falls off linearly with time from the dose rate at the point of departure (outside the shelter). At what
time after the burst should the shelter be evacuated to minimize the total dose received?

Solution

1. Compute the ratio T,/Tg.

2. For the value of T,/Tg and the known values of t, - t,,, find the corresponding value of Ly,
from Fig. 5. 4:3.
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A shelter affords atransmissionfactor of 0. 08. An evacuation vehicle is avallable which affords
a transmission factor of 0.8. It will take 8 hr to reach an uncontaminated area. At what time after
the burst (and after fallout is compiete) should the shelter be evacuated to minimize the tolal dose

received?
1, The ratio Ty/Tg = 0.8/0.08 = 10

2, From Fig. 5. 4:3for TV/TB =10 and t; - tp, =8 hr, the value of t,, is 28 hr after the time
burgt. This is the time at which the shelter should be evacuated. Note that the resuitis {n-
dependent of the dose rate, It holds as long as the radiation decays in titne in a manner
which is proportional te F(t), Fig. 5.4:1.

iE_xample

5.5 I[SODOSE RATE CONTQURS

The isodose rate contours, along with the total integrated dose contours to various times
provide the greater part of the results of a fallout computation, The Rand Corporation calculationslf
appear toc be the most comprehensive and posaibly the best of those currently available,

It will probably never be possible to calculate a dose or dose rate pattern that can be believed
literally in detail. However, a fair indication of areas of lethal, dangerous, and tolerable dose, soms
general notion of dose gradient, and an idea of the perturbations in pattern shape to be expected from
input perturbations, like changes in the speed or direction of the wind, can well be hoped for,

Local differences in conditions within the fallout area also lead to very significant local fluctu-
ations in patteras,

If a pattern is desired for a specific set of conditions, the pattern should be computed specifi-
cally for those gonditions. There is al present no rapid way to make such a calculation. There is no
very accurate way of deducing a pattern for one get of conditions from a known pattern for a different
set. In short, until cur grasp of the mechanics of fallout computations becomes much more swe and
sophisticated, it is advisable to develop and maintain a rather extensive library of fallout patterns
computed for many different situations.

Figs. 5.5:1 through 5.5:4 are dowvawind isodose rate patterns at H+1 hr. They are for two
different yi1elds and two different effective wind speeds, They are scaled from an idealized version of
the experimentally determined patterns encountered at Castle Bravo. 12 4s such, they do not purport
to be the patterns encountered for any specific set of conditions. Rather, they are presented as an aid
in making only roughly gquantitative evaluations of the general potential of high yield weapons,

Except in the unusual situation when there are practically no winds aloft, the region around
ground zero is contaminated chiefly by the large (say above 500-micron) particles which fall out of the
cloud and stem. These particles fall so rapidly that they are little affected by the wind field. The ex-
tent of the pattern is determined roughly by the maximum dimensions of the cloud. The paltern ceniers
close to ground zero, subject only to relatively small displacements by the wind; the controlling para-
meters are the soll, which determines the number of large particles available, and the yield, which
determines the extent of the cloud. The downwind pattern, 'on the other hand, is controlled principally

by the wind field.

The calculation of fallout patterns close to ground zero proceeds in much the same fashion as
the calculation of downwind patterns, Accurate knowledge of large particle sizes and activity is con-
siderably more crucial, however. For calculation of downwind patterns it is assumed that there is
a time and height of cloud stabilization from which particles start lalling. This assumption is not
applicable for ground zerofallout patterns because the large particles begin to fall back to earth in im-
portantguantities very soon atter the burstand before the cloud has attained anything close 1o maximum
height. The objection can be partly met by deliberate alteration of the assumed spatial distribution of
large particles. It ig appropriate to make provision for these differences when setting up a computation.
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Fig. 5. 5:5 is a ground zero isodose rate pattern at H+1 hr for a 15-MT blast scaled by AFSWP
from the Ivy Mike shot. 12 1t is presented as the standard for planning in the 0.5 to 100 MT range.
Since the ground zero pattern depends heavily upon the fraction of large particles available, Fig. 5.5:5
is strictly applicable only to coral sands such as those encountered in the Marshall Islands.

1t is important to note that the isodose rate patterne in Figs. 5. 5:1 through 5.5:5 are drawn for
a reference time of H+1 hr. These patterns represent the dose rates at H+1 hr if the fallout were
complete by that time, a condition which is rarely the case. For those cases where the fallouf is
complete by H+1 hr and the dose rate is desired at H+1 hr the value is read directly from the appro-
priate figure; For those cases where fallout is complete by H+1 hr and the dose rate is desired at a
later time the dose rate value at H+1 hr is corrected by the methods described in Section 5. 4 and the
curve given in Fig. 5.4:1. For the more usual situation in which fallout is not complete by H+1 hr
the dose rate can also be determined from Fig. 5. 5:1 through 5. 5:5 and Fig. 5.4:1, but only for times
after fallout is complete, Figs. 5.5:1 through 5.5:5 cannot be used to calculate isodose contours for
any time before completion of fallout.
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It is worth remarkingthat in none of the diverse models of computing fallout and for none of the
weapons considered, has any agency ro.!;:r(:-rten:l4 a region where the H+1 hr dose rate substantially
exceeded 10, 00C r-hr-!, There i8 no obvicus physical mechanism which forces such a limit, and it
may be that its apparent existence is merely fortuitous, Nevertheless, lis persistent recurrence re-

quires mention.

9.6 DETERMINATION OF EFFECTIVE WIND VECTORS, THE AREA OF FALLOUT AND THE TIME

OF ARRIVAL

Military and civil authorities whose installations lie in the vicinity of a high yield atomic burst
require specific information on the probable cuaracteristics of the fallout, if maximum defense meas-
ures are to be taken when necessary. Prompt determination of the fallowt characteristics and efficient
use of the time before fallout commences can lead not only to the saving of lives butto the maintenance
of the installation in a more cperational condition following fallout than might otherwise have been

possible.
The specific questiong of primary {mportance are as follows:

1. In what direction from growund zero will the fallout occur, i.e., what are the effective wind
vectors ?
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2, Over what areas will the fallout occur, both in the vieinity of ground zero and in the area
of downwind fallout? =

3. What will the fallout time period be, 1. e., when will it first arrive and how long will it last,
both in the vicinity of ground zero and the downwind fallout area?

4, Whatare the dose ratesto be expected in the fallout areas, both ground zero and downwind ?

The first three of these questions are covered in the material that follows, The last question
has been discussed to the degree presently possible in Sectons 5.4 and 5. 5.

In general these questions have 10 be answered in the order presented buttheir relative impor-
tance will vary depending on the situation. As the distance from ground zero increases, the impor-
tance will tend to shift irom (4) toward (1), Thua, if the installation 18 in the vicinity of ground zero,
fallout will occur aimost immediately and the only question of importance involves the dose rates to be
expected. At somewhat greater distances but still close enough so that fallout, if it does occur, will
come shortly after the burst, the prime consideration 18 the length of time available for preparation.
For very distant locations the major question is the direction from ground zero in which fallout will

oCcCur.

There 18 another factor whichvaries withdistance from ground zero, namely the time avaflable
to determine the anawers to the questions given above. For points close to ground zerc very little
time can be devoted to calculations since immediate action 15 required. Thus, only the simplest and
quickest calculational methods are possible, which necessarily introduce the largest uncertainties into
the resulis, The dangers inherent in such fast but inaccurate results may be considerable. It may be
advisable, therefore, to determine for each installation an extensive catalog of calculated results for
relatively nearby bomb bursts, based on prevailing weather variations and the most accurate methods
available. The presently available methods may be used for initial determinations of such a catalog
for simple wind situations but more accurate methods are needed and should be actively sought.

Completely adequate methods of determining quantitative answers are unknown at present and
the best of the available methods are quite complex. The paragraphe below attempt to present relative-
ly simple methods of obtaining the required information. It should be emphasized, however, that these
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methods are applicable only to correspondingly simple wind fields, Where the wind field is complex,
therc appears to be no simple way of replacing the fleld with an effective wind vector or vectors and a
more detailed calculation than given here seems mandatory.

The data required to estimate effective winds, fallout areas, and fallout time periods are:
distance and direction of the installation from point of burst,

. wind field between point of burst and the installation,

. height and diameter of atomic cloud at time of stabilization,

. size range of fallout particles and

5. rates of fall of particles in size range and for altitudes of intereat.

Items 1 through 3 will be known in general only after the bomb burst ¢r maybe assumed for calculation
of glven situations of interest before the event. Ttems 4 and 5 are characteristics which are known

before the event.

W D B

5.6.1 DETERMINATION OF THE EFFECTIVE WIND VECTOR

Wind speed and direction may vary tmarkedly with altitude at a given location. The composite
of directions and speeds 18 known as the wind field and this field is of primary importance in deter-
mining the fallout pattern, It is to be expected that the wind field will not necessarily remain constant
over any large area such as that between the point of burst and the installation. In a real situation the
wind data available will be fragmentary at best and may have heen measured at some distance from
either ground zero or the installation. Under these circumstances nothing is gained by considering
the additional complications introduced by variations in wind field and the assumption will be made, of
necessity, that a wind field is known which does not vary over the entire area between ground zero and
the installaton, -

With a knowledge of the wind field and the fallout particle characteristics it is possible ta cal-
culate the effective wind vectors, An effective wind vector i8 defined as the single vector which would
produce the same fallout pattern as the wind field itself, for all particles starting at a glven altitude,
It should be noted that the effective wind vector is thus a function of altitude.

Table 5. 6:1a, based on USNRDL calculations, 6 presents the time required for particles of irreg-
ular shape to fall through various altitudes in the atmosphere. The data are presented for particles
from 50 to 1C00 microns in diameter, (The 50-micron dataare extrapolations of the USNRDL results.)
While these data are thought to cover most of the range of {nterest, 13 sdditional information on the
fall rates of particles less than 100 microns in diameter i8 highly desirable and fallout calculations
should include the range of smaller particle sizes, Examination of the data in Table 5. 6:1a indicates
that, for the particle sizes and altitudes considered, the relative amount of time spent in any layer of
altitude is almost independent of particle aize. Table 5.8:1b gives the fractonal total fall time for
each altitude zane. These are averaged values for all particles between 50 and 1000 microns; they
are glven for particles starting their fall at 20, 0001t intervals with an upper Imit of 100, 000 ft.

From Table 5.86:1b and a known wind fileld, which {8 not toc complex, an effective wind vector
for each of the 20, 000-ft intervale in altitude can be calculated. Thus, to determine the effective wind
vector for a given altitude multiply each wind vector at that altitude and below by the corresponding
fracton of total fall time found from Table 5.6:1b. Adding the weighted winds vectorially will glve the
effective wind for the particles falling from the given alttude.

PROBLEM 4

A high-yleld bomb has been detonated sufficiently close by so that a particular installationmay
He in the fallout field, The location of the burst, the height and diameter of the atomic cloud at, or
close to, the time of stabilization, and the wind field in the area between ground zero and the installa-
tion are known,
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TABLE 5. 6:1
Characteristics of Irregularly Shaped Falling Particles
a. Partial Fall Time as a Function of Particle Size

Partial Fall Time, hr
Particle Size, From,ft 20,000 40,000 60, 000 80, 000 100, 000

microns To, it 0 20,000 40, 000 80, 000 80, 000
1, 000 0.31 6.24 0.19 0.14 0.08
700 0.47 0.34 0.27 0.20 0.15
400 0.80 0.83 0.50 0.3% 0.28
200 1,67 1,33 1,00 0.87 0.£9
100 4.00 3.44 2.63 2,32 2, 55
50 {11.) (9.5) {(7.5) (6.5) —_
(extrapolated)

b. FracHon of Total Fall Time Spent in Each AlHtude Zone as a Function of Initial Height of Particle

. Fractign of Total Fall Time Spent in Falling
Initial Particle From,ft 20,000 40, 000 60, 000 80, 000 100, 000

Height, ft To, ft 0 20,000 40,000 60,000 80, 000
100, 000 0.31 0.24 0.19 0.15 0.11
80, 000 0.34 0.27 0.22 0.17 —
60, 000 0.42 0.32 0.26 — -
40, 000 0.56 0. 44 — —_ —
20, 000 1.00 — — — —

c. Total Fall Time as a Function of Particle Size

Total Fall Time, hr

Particle Size,
microns From, ft 20, 000 40, 000 60, 000 80, 000 160,000
1, 000 0.31 0.55 0.74 0.88 0.87
700 0.47 1,08 1.08 1.28 1,43
400 0.80 1,43 1,03 2.30 2,58
200 1.67 3.00 4.00 4,87 5.56
100 4,00 7.44 10.07 12.39 14, 84
(extragglated) (11.) (20.5) (28.) (34.5) -



Compute the effective wind vectors for particles fallingfrom several heights, starting from the
maximum cloud height.

Solution

1. Tabulate the wind directiol and speed as a function of altitude with the height of the top of
the cloud as an upper limit,

2. Group the wind vectors in 20,000-ft altitude intervals. Determine the average wind vector
for each altitude interval. The average wind vector may be determined by inspection if the
spread in direction is not large or by vector addition and averaging if the spread is large.

3. Multiply the average wind speeds from (2) by the weighting factors (fraction of total fall
time) for the corresponding altitude zones and starting altitudes found in Table 5.6:1b., Do
this for particles starting at the top of each altitude interval.

4, Add the winds resulting {rom (3) vectorially for each starting altitude, This can be done
either graphically on polar coordinate (circular) graph paper or numerically, The vector
sum gives the effective wind speed and direction far particles starting at the several alti-
tudes.

Example
An installation lles 200 miles due east of the point of a high-yleld atomic explosion and thus
posgibly within the fallout path. The installation commander has been given the following information.

1. The active cloud will probably attain a maximum height of 80,000 ft and stabilized diameter
of 60 miles, - -

2, The wind field 18 given below for 5000-ft increments of altitude,
Find the effective wind vectors forparticles falling from 80,000, €0,000, 40,000, and 20,000 it,
1. The wind field 1s as follows:

Altitude, Wind Speed,
thousand ft miles-hr™? Wind Direction, °
0 0 -
5 11 10
10 20 325
15 14 280
20 16 265
25 34 260
30 47 265
35 37 305
40 27 2590
45 23 310
50 28 300
55 20 280
60 11 285
65 21 305
70 7 295
75 8 285
80 10 250

Nota that the wind direction is measured from the compass heading from which the wind
arrives, with 0° belng due north and 30° being due east.
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2. The wind fields averaged over 20,000-ft altitude zones are as follows:

Avernge
Altitude, Wind Speed, Average Wind
thousand ft mileg-hr-1 Direction, *
0-20 12 305
20 - 40 33 27
40 - 60 22 295
60 - BO 12 285

The average wind vectors for the three altitade zones between 20,000 and 80,000 ft were
determined by inspection, since the variation in wind direction is not large, The average
wind vector for 0 - 20,000 ft required wector addition because of the larger spread in wind
direction.

3. Using the results of (2) and the weighting factors from Table 5. 6:1b, the welghted average
wind speed 15 calculated for particles starting {rom the several altitudes.

Particle Average Weighted Average Average
Starting Altitude, Altitude Zone, Wind Speed, Weighting Wind Speed, Wind
thousand ft thousand ft miles-hr~! Factor miles-hr? Direction, ®
80 0-20 12 0.34 4.1 305
20 - 40 33 _ 0.27 8.9 275
40 - 60 22 0,22 4.8 295
60 - 80 12 0.17 2.0 285
60 0-20 12 0,42 5.0 305
20 - 40 33 0.32 10.86 275
40 - €0 22 0.28 5.7 285
40 0-20 12 0.56 6.7 305
20 - 40 33 0,44 14.5 275
20 0-20 12 1,00 12.0 305

4. By vector addition, as shown in Fig. 5.6:1 for 8Q, 000 {t, the effective winds for particles
starting from each of the several altitudes are as follows:

Particle
Starting Altitude, Effective Wind Effective Wind
thousand ft Speed, miles-hr-! Direction, ®

B0 20 280

60 21 285

40 21 285

20 12 305
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Fig. 5.6:1 Graphical Determination of Effective Wind Speed and Direction for Particles Falling
from 80,000 ft {Problem 4)

5.6.2 DETERMINATION OF THE FALLOUT AREA

Fallout may be cansidered to occur over two separate areas — the reglon around ground zero
and the region around the effective wind vectors. It is most convenlent to discuss these areas sep-
arately as the fallout characteristics of each are quite different,

The immediate area around ground zero will almost certainly experience faliout. Further,
this fallout may cover a wide region; it occurs very shortly after the burst and is essentially independ-
ent of the wind field, The rapidity and wide coverage of this fallout is the result of two factors —the
veryrapid initial expansion of the cloud diameter, particularly after it has reached its stable (maximum)
height, and the very rapid fall of the heaviest particles in the cloud, These particles start falling be-
fore the cloud has even begun to approach its stabilized height.

While the available data are incomplete, experience at Castle gives the magnitude of the ground
zero fallout area. A 15-MT weapon will produce a cloud with about a 70-mile dlameter at 10 min cfter
the burst. Moreover, although the cloud has reached its stable height by this time, its diameter may
still be growing rapidly. It is the diameter at the end of the period of rapid expansion which is of
most interest, since it determines both the maximum extent of the fallout around ground zerc and the
time at which the normal atmospheric dispersing forcesbecome important indetermining the downwind
fallout.

The stabilized cloud diameter is a functon of both weapon yleld and atmospheric conditions,
particularly tropopause height, Unfortunately, the data available on cloud diameters for high yleld
weapons are not complete, giving values at 10 min rather than at the end of the growth period. Further,
no corrections for atmospheric variations are made. In the absence of anvthing better we are forced
to use the 10-min diameters, even though these data will tend to underestimate the fallout area around
ground zero. It is suggested, therefore, that the area around ground zero which recelves immediate
fallout be taken as having the diameters shown below as a function of bomb yield.
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TABLE 5. 6:2
Atomic Cloud Diameters for High- Yield Weapons at 10 min after Burst

Cloud Diameter,

Yield, MT miles
1 20
5 30
10 50
15 70

As is true for the other aspects of fallout, there are no completely reliable calculational meth-
ods for determination of downwind fallout, but there are three alternative approximate methods which
can be suggesied. The methods differ in the length of me required and the probable accuracy of the
results, the quickest method giving the roughest result. Choice of a particular method will depend on
the urgency of the individual situation,

The first two methods (A and B) define the entire fallout area in order to determine U fallout
will occur at a given location. Method A gives only the qutside angle of the probable failout area,
Method B, while somewhat more involved, glves an indicaton of the length of the fallout area as well
as its width around the effective wind vectors, ¥ the installation falls either within or some distance
away from the areas found by either A or B, the probability of fallout occurring 15 clear. I, on the
other hand, the installation les near the boundary of the fallowt area, the judgment of the observer is
required to estimate the possible danger. Further, neither method as presently cutlined requires any
statement on the distribution of the active maferial with altitude at the time of stabilization, (It is im-
plied, however, that there is some actlve material at all heights below the maximum height of the
cloud.) When the actual distribution of activity with altitude is definitely determined, the effective
wind vectors for altitudes with unimportant amounts of active materials may be neglected. Presgent
indications are that a large part of the activity 1s concentrated in the cloud; based on this, the effectve
wind vectors for the highest altitudes should be more heavily weighted. In the examples presented in
this section the effective wind vectors will, however, all be given equal weight.

The third method {C) provides a very rapid means of determining whether fallout will or will
not oceur at a given installation but it does this without defining the entire fallout area.

Method A

For very simple wind fields a sector can be drawn around the wind vectors for altitudes below
the maximum height of the cloud. It is then assumed that the angles of thie sector when applied to the
cloud diameter define the area within which fallout will oceur.

Method B

For wind fields which are somewhat more complicated but still not so complex as to invalidate
use of any approximate method, it is possible to use the effective wind vectors at vartous altitudes to
estimate the fallout area. The individual vectors presumably indicate the lines about which the fallout
concentrates due to particles starting from a given altitude, The network of vectors then outlines the
total area covered by particles falling from all altitudes, The choice of the range of altitudes to be
used depends on cne's estimate of the initial distribution of radioactive material with altitude, The
most conservative assumption is that the active materials are distributed over all altitudes up to the
maximum, The outer angles of the area defined by the several effective wind vectors, when applied to
the cloud diameter, give the fallout area.
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Method C

Fig. 5.6:2 presents graphically the data of Table 5. 6:1c, the total fall time for given particle
sizes as a function of the altitude from which the fall starts, In addition to these data, estimates are
necessary of the maximum wind velocity in the general directon o the installation from ground zero,
the maximum cloud height, and the separation distance, Assuming that the particles travel with the
maximum wind velocity at all times, the approximate arrival time can be calculated. Knowing thia
time (which is equal to the fall time) and assuming that the particles start from the maximum cloud
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Fig. 5.6:2 Total Particle Fall Time as a Function of Starting Altitude

height, Filg. 5.6:2 will provide the sfze of the largest particle that will arrive at the installation, I«
this particle 1s below the size which contributes importantly to fallout (say 50 microns), thenfallout
will probably not occur, If it 18 much larger than 50 microns, fallout should be expected, This method
is conservative since it assumes that the particles travel with the highest wind velocity throughout,
directly toward the installation, and start falling from the maximum altitude, a combination of circume
stances which 18 unitkely.

PROBLEM 5

For the situationdescribed in Problem 4 calculate the probable area of fallout and whether fall-
out will oceur at the installation.
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Solution

Method A (8imple wind fields)

1-2, Same a8 Problem 4

3. Plot the average wind vectors on polar coordinate {circular) graph paper with the origin
taken as ground zero, Draw the sector best defined by these wectors, disregarding or
assigning relatively small weight to vectors near the boundaries of the sector,

4, Draw the cloud centered at ground gero with the diameter assumed at stabilization, Ex-
pand the sector found in (3) 50 that it is tangent to the cloud diameter. The areadefined by
this enlarged sector 1s the probahle fallout area,

5. Plot the position of the installation and observe if it falls within or near the boundaries of
the enlarged sector found in (4).

Method B (wing fleld of intermediate complexity)

1-4, Same as Problem 4
5. From Table 5.6:1c determine the total number of hours necessary for the S0-micron
particle to fall from the several starting altitudes to zero altitude.

6. Multiply the effective wind speeds for each starting altftude by the corresponding total
fall time from (5) and plot the resulting maximum fallout distance vectors on pelar co-

ordinate paper.

7. Draw the cloud centered at ground zero with the diameter assumed at stabilization. Move
- the network of maxdmum fallout distance vectors found in (6) to the outer dimension of
the cloud, The area defined by the vectors is the probable fallout area.

8. Plot the position of the installation and observe if it f3lls within or near the boundaries of
the area found in (7).

Example

For the conditions described in the first example determine the fallout area and whether the
installation lies within {ts boundaries.

Using Method A

1-2, The wind field and average winds are as tabulated in Problem 4.

3. The average wind vectors for the altitude zones of interest (80-60,000, 60-40,000, 40-
20,000, 20,000-0 1t) are plotted in Fig, 5. 6:3.

4. The cloud and the expanded sector are plotted in Fig, 5, 6;:3. The expanded sector is then
the assumed fallout area. (Note that the wind vectors and linear dimensions are not to

the same scale,)

5. The installation i{s plotted 200 miles due east of ground zero. It can be seen to fall just
within the probable fallout area; fzllout can therefore be expected, but it will probably be

of relatively low intensity.
Using Method B

1-4, The wind field, average winds, and effective wind vectors are as calculatedin Problem 4.
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5. From Table 5.6:1c the total fall ttme for 50-micron particles as a function of starting
altitude i as follows.

Total Fall Time
Initial Particle for 50-micron
Height, thousand ft Particles, hr
80 34.5
60 28.0
40 20.5
20 11.0

6. The effective wind speedfor each starting altitude is multiplied bythe correspending total
fall time from (5) to yield the maximoem fallout distance. The maximum faliout distance
vectors from ground zero are plotted in Fig. 5. 6:4,

Total Fall Time
Initial Particle for 50-micron Effective Wind Maximum Fallout Effective Wind
Height, thousand ft  Partizles, hr Speed, miles-hr™! Distance, miles Direction, °
80 34.5 20 690 290
60 28.0 21 590 285
40 20.5 21 430 285
20 11.0 12 130 305

7. The cloud and the networks of faliout vectors Starting from the outer diameter of the cloud
are plotted in Fig. 5,6:4, The envelope drawn around the networks of vectors then defines
the fallout area,

8. The installation location is plotted 200 miles due east of ground zero and {tis seea to fall
outside but near the boundary of the fallout area. The prudent conclusion would be agzin
{as in Methed A) that fallout is likely to occur atthe installation but in relatively moderate
amounts,

Itis worthwhile to compare thefallout areas as determined by the two methods. It is clear that
the direction of the fallout area is the same but this is not surprising since the winds are all generally
in the same directlon. The widths of the fallout zones, however, are somzawhat different since Method
A yields an area which continually expands with increasing distance from the burst point while Method
B produces an area which is of roughly equal width for most of its length before it closes up. The
latter method thus seems to agree more closely with measurad results and this may justify the extra
effort required for the calculation,

PROBLEM §

For the situation described in Problem 4 determuine if fallout occurs at the installation.

Sclution

Method C

1. Determine the highest wind velocity in the general direction of the installation from ground
Zera,

2. Determine the separation distance between active material and installation by subtracting
the cloud radius at stabilization from the distance from ground zero to the installation,
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3. Divide the separation distance found in (2) by the wind velocity found in (1) to obtain the
approximate time aof arrival.

4. From Fig. 5.6:2, at the time found in (3) and the maximum cloud height, read theparticle
size to be expected at the arrival time, If this is 50 microns or less, there probably will
be no appreciable fallout. If it is much larger than 50 microns, fallout should be expected.

Example
Forthe conditionsdescribed inthe first example determine if the installation will receive fallout.
Using Method C

1. The maximum wind velocity in the general direction of the installation 1s about 45 knots.
2, The separation distance is 200-30 = 170 miles,

3, The approximate time of arrival is 170/45 or about 4 hr,

4

Fig, 5.6:2 indicates that particles falling fromthe maximum cloud height of 80,000 ftin4 hr
are 250 microns in diameter, Fallout may therefore be expected to occur.

5.6.3 DETERMINATICN OF FALLOUT TIME PERIOD

The final question to be answered, once it 18 known that fallout is lHkely to occur, regards the
time of arrival of fallout and the length of the fallout period. In the absence of violently variable wind
flelds, it may be generally expected that in the area around ground zero fallout will start essentially
immediately and last for 1 or 2 hr. For regions a few hundred miles downwind, fallout might not start
until 10 or 15 hr after the burst and last an equally long period. These are very coarse statements,
subject to the caprice of the wind. A wind that doubled back on itself in time could even lead to two

separate fallout periods at the same spot. -

A more thorm;gh examination of the fallout timt; period is presented below, again considering
fallout around ground zero and downwind separately.

The avallable data on ground zero fallout arrival ime are sparse and conflicting. Thus, after
Ivy Mike, fallout arrived at lagoon stations (5 to 15 miles from ground zero) at about 45 min after
burst ime, but after the Castle tests the time of arrival at lagoon stations was only about 6 min, No
explanation for the conflict is offered. Using these data, a rough estimate would be that fallout would
probably arrive in the area around ground zero (with the diameter previously indicated) within about 30
min of the burst, For practical purposes it may be well to consider that it arrives immediately.

Trom the information determined inthe preceding sections, fallout arrival time downwind of the
burst point can be easily calculated, I the inatallation Hes in the middle of the fallout area, the time
of arrival {s obtained by dividing the separation distance between active material and the installation
by the largest of the calculated effective wind speeds, Note that the separation distance is not the
distance between burst point and installation but rather it is this distance less the radius of the stabi-
lized cloud. This reduced distance is used since the active material is transported to the cloud radius
almost immediately after the burst by cloud expansion.

If the installation is not at or close to the middle of the fallout arez, as will be true in most
cases, the question arises as to the proper value of the separation distance or alternatively the proper
value of the wind speed. For simple wind fielda and distances far irom the point of burst the errors
introduced by the use of the separation distance and the effective wind speed, as determined for points
on the effective wind vector, are small and can be neglected in comparison with the inherent uncer-
tainties of the method. For wind fields which produce broad rather than elongated fallout areas or for
locations close to ground zero, the importance of choosing the correct separation distance (or effective
wind speed) !s greater. Two simple alternatives are possible — using the separation distance as pre-
viously defined or using this separation distance multiplied by the coslne of the angle between the
ground zero-installation heading and the effective wind vector. In either case the effective wind speed
is used. The second approach is the more conservative of the two but it may very well be over-con-
servative since it implies that fallout particles are traveling even faster toward the installation than




along the effective wind vector. It is recommended, therefore, that to determine time of arrival
throughout the fallot area at both close and distantpoints from ground zero the separation distance be
divided by the highest effective wind velocity, ignoring the cosine multiplication.

Similarly, an estimate of the time of arrival of particles from other starting alttudes may be
obtained by dividing the separation distance by the elfective wind velocity for particles starting at the
altitude of interest. i

Information on the particle sizes involved during fallout (and indirectly an estimate of when fall-
out will end) can be obtained by an examination of Fig. 5.6:2, Knowledge of the arrival time for parti-
cles starting from a given altitude from Fig. 5.6:2 will allow an estimate to be made of the particle
sizes corresponding to that arrival time. Assume a separation distance of 100 miles and an effective
wind gpeed of 20 miles-hr~! for particles starting at 80,000 ft. The arrival time of these particles is
5 hr and from Fig, 5.6:2 the particle size arriving at the receiver from 80,000 ftis about 200 microns,
Using other known effective wind speeds allows a rough estimate to be made of the distributicn in time
of fallout particle size at a given location.

Further, knowing the smallest particle size which makes an appreciable contribution to the
fallout allows an estimate t0 be made of the end of the fallout period. This would be the time after
which only particles smaller than the given size arrive at the installation,

PROBLEM 7

For the situation described in Problem 4 calculate the probable time of arrival of fallout, the
particle sizes which arrive as a function of time, and the probable end of the fallout period.

Solution

1. Determine and tabulate the effective wind vectors by the method outlined tn Problem 4,

2. Determine the distance between ground zero and the {nstallation and subtract {rom this dis-
tance the radius of the atomic cloud at stabillzation, This is the separation distance.

3. Divide the separation distance found in (2) by the effective wind velocities found in (1). The
shortest e found by this division is the time of arrival,

4, Using the Himes found in (3) and the corresponding inftial particle altitudes, read from Fig.
5. 6:2the particle eizes whicharrive ateach time and from each altitude, The end of fallcut
will be taken as the time after which no particles larger than some chosen size (say 50 mi-

crons) arrive,

Example

1. From Problem 4the effective wind vectors for each initial particie altitude are as follows:

Inftial Particle Effective Wind Effective Wind
Altitude, thousand ft Speed, miles-hr~} Direction, ®
BO 20 230
60 21 285
40 21 285
20 12 305

2. The distance between ground zero and the {nstallation is 200 milec, The radius of the sta -
bilized cloud 18 30 miles. Thus, the Beparation distance i 170 miles.




3. The time of arrival of particles starting at various altitudes 1s as follows:

Initial Particle Effec ve Wind Time of Arrival
Altitude, thousand ft Speed, miles-hr~!1’ at Installation, hr
80 20 8.5
60 21 8.1
40 21 B.1
20 12 14,2

Thus fallout will arrive at the installation at about 8 hr after the burst.

4. From the resulta of (3)and Fig. 5.6:2 the time distribution of particle sizes and the probable
end of the fallout period can be estimated,

Time of Arrival Estimated Particle
at Installation, hr Size, micrans
8.1 95
8.1 . 115
8.5 130
14,2 40

Note that the particle size does not decrease smoothly with time, The sizes given should be
considered as characteristic of the distribution that actually arrives at a given time. If one accepts 50
microns as the lower limit of particle size of importance, one can estimate that after 13 or 14 hr the

fallout is essentially complete.

5.7 DELIVERY RATES

A knowledge of delivery rates during the falloutperiod is in {tseli notof major practical interest.
What is important, however, is the dose rate measured at a given installation as a (unction of time.
The value of delivery rate information is that dose rate curves may be derived from delivery rates.
An installation commander with the knowledge of dose rates may be able to estimate the total dose to be
delivered some hours before his meters could provide this information.

There are in fact several different kinds of fallout delivery rates which may be considered but
verylittle information is available on any of them. This is primarily because they are very difficult to
determine, either by calculation or by measurement in the field.

It is necessary to distinguish between these different kindsg of delivery rates. There is first, the
delivery rate of fallout material in terms of the weight delivered per unit time and anit area. This de-
livery rate is determined by the totalnumber of particles and their size distribution, both as a function
of time of arrival, (Part of the required data for calculation of the weight delivery rate could be pro-
vided by the methods of Section §.8). Second, since each unit weight of fallout material i8 emitting
radiation, there is also a delivery rate in terms of dose rate {(say r-hr-!) per unit time and unit area,
This dose delivery rate will be 2 function not only of the particle number and size distribution but also
of the activity content per particle and the decay characteristics of this activity. Third, there is a dose
delivery rate in which all the activity is corrected back to some reference time, such as 1 hr after
burst. This corrective dose delivery rate has the advantage that its value is not complicated by the
decay of the active material,

The delivery rate of most interest is the dose delivery rate. If it can be calculated for a given
situation,its integral over time will yield the expected dose rate as a function of arrival time. The
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calculated dose rate curve could then be compared with actual fallout measurements during the initial
part of a comparable, actual fallout period. At some time, as a result of this comparison, it may be
possible to predict the rest of the dose rate curve, What information there is available about the doge
delivery rate within the fallout period indicates that the rate reaches its maximum early and then tapers
off. This early maximum is caused not only by the differential in the times of arrival of particles of
various gizes but also by the continuous decay of the activity.

In the absence of any comparison between dose rates based on calculated delivery rates and
actual measurements, the importance of the delivery rate determination is uncertain, For some
situations, where the wind field is complex, it may very well be impossible to talculate valid delivery
rates, but in any case thie kind of situation is generally beyond the level of the present treatment,
Evenfor simple windfields the deliveryrate calculationis quite complicated andrequireslarge amounts
of data which are presently unavailable. Further, depending on the shape of the delivery rate curve,
the time savings in prediction of total dose may not be large enough to be particularly useful. Under
such circumstances all that the commander of an installation can act on is the dose rate actually being
received at a given time during the fallout pericd, Using the methods of Section §. 4, a calculation can
be made of the total dose which would be received between the time of measurement and any time up to
1000 hr after the burst, but only due to the active material accumulated up tothe time of measurement.
{The dose received after 1000 hr is relatively small.) At some level of the measured dose rate or of
the predicted total dose, the installation commander would initiate appropriate measures, e.g., evacu-
ation.

Nevertheless, while it is unlikely that a precise determination of delivery and dose rates can be
made a priori, on account of the sensitive dependence on many inaccessible parameters, it is possible
that the general shape and extentof these rategfor varlous classes ofbursts and wind conditions can be
determined. Even information of this nature may be valuable in anticipating, on the basis of incomplete
metering, the extent of fallout at a given point.

5.8 SCALING WITH YIELD AND EFFECTIVE WIND VELOCITY

Ome of the most closely reasoned methods for scaling dose and dose rate contours is that deve-
loped at USNRDL. 14 This methoa provides a device for scaling the downwind pattern with yield when
wind conditions remain constant, and for scaling with changes in average wind conditions when yields
remain constant, By successive application of the two principles, it is possible to scale for simultaneous
changes in yield and average wind conditions. The USNRDL method was devised for weapons which
develop their entire energy release from the fission process. The lormulae will be presented first
for fission weapons and then will be extended to cover weapons which derive only part of their energy

from the fissjon process.

A remark should be made at this point about the meaning of average wind. Strictly speaking,
the wind acaling procedure applies only if every component of the wind field is multiplied by the same
number, and if the rejative angles between all components remain unchanged. Such severe resiric-
tiong, if rigorously met, however, woaild so limit the application of the method as to destroy its useful-
ness. It is believed that a good approach to the real situation can be achieved by replacing the entire
wind field with a reasonably chosen average wind, (Such a choice will probably lead to bad results only
In those cases where the wini fields under comparison show marked qualitative differences. A case in
point would be one where a wind field with no shear was compared to one with a great deal of ghear.)
The meaning of average wind is not well defined, I the determination is to be made before the event,
it is recommended that time of arrival calculations (gee Section 5, 6) be made at several points down-
wind, and that the average wind be taken as the average of the quotients of downwind distance and time
of arrival. It should be possible, within the framewoc.k of the assumptions discussed in Section 5.6, to
determine the downwind direction fairly well by inspection in many cases, If the determination is to be
made after the event, the downwind distances and times of arrival can be taken from experimental

measures,
There are five assumptions basic to the USNRDL procedure.
1. The total amount of activity in the cloud varies directly with the total energy release, W.
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2. The height and linear dimensions of the cloud vary in the same way with yleld, and this
variation can be expressed in the form W€,

3. For agiven soil the relative size distribution of the particles is independent of yield. Or,
the same fraction of the total activity is included in any given particle size range.

4, The relative spattal distribution of active particles of any given size in the cloud is inde-
pendent of yield. That is, homologous volumes contain the same particle sizes for all
yields.

5. The rate of fall for particles of a given size is independent of yleld. The rate of fall of
active particles depends only on particle size.

While some of the above assumptions are subject to question, they are all probably reasonably
govd for scaling purposes as long as the scaling is not between yields thatare very different. A reason-
able guess as to the extent of their validity might be for yields that differ by no more than a factor of
50 from the standard case.

The scaling law which results from the assumptions given above is

wn k‘l'
!.a = !b(—w,—

b
(5.8:1)
w )kﬂ
D, = Dy| =
a
Wl'.'o
where o -
km, k11 = empirical constants
¢ = any linear dimension of a given contour

D = dose rate on contour

W = wesxpon yield

USNRDL recommends the values of k;, = k;; = 1/3 and these values will be used here. Thus,

1
t wa :
a b Wb

. wal’
a Db(Wb)

{There 15 some guestion as to the proper values of the exponents. For example, Technical Operationsls
believes that k,, = 1/2 rather than 1/3.)

-
n

{5.8:2)

o
]

Scaling with &ield in the vicinity of ground zero requires an approach different from that for
downwind scaling. The following assumptions are made,

1. The activity available on large particles scales linearly with the yleld.
2. The cloud radius to heights of interest scales as the one-third power of the total yield.
3. The regions contaminated lie almost directly below the cloud.
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It then follows
1. that the radius of a contour will scale as the one-third power of the total yield W, and

2. that the dose rate value of a scaled contour will scale as the areal concentration of activity,
which will be the ratio of the activity acaling to the square of the linear scaling, i.e.,

S w
(ws)?

l -
3 : (5.8:3)

Fortuitously, therefore, the same form of scaling law applies to ground zero as to the downwind
region, but for different reasons.

It is further found empirically that the total area inclosed by a given daose rate contour does not
depend very sensitively on the average, or effective, wind,

The scaling law plus the empirical statement about the areal constancy of dose rate contours
can be restated for pure fission weapons as follows:

At constant effective wind velocity, the shape-determining linear parameters of the isodose
rate contours scale as the cube root of the total yield, and the areas scale as the two-thirds
power of total yield. At the same time, the isodose rate intensities of tHe respective contours
scale also as the cube root of the total yield.

In extending the formulae to weapons which develop only a fraction of the total yield from
fission, it is only necessary to change the first of each of the above groups of assumptions.

The first of the five assumptions concerning downwind scaling becomes:

1. ‘The total amount of activity in the cloud varies directly with the fission yield;
while the first assumption concerning scaling in the vicinity of ground zero is changed to:

1. The activity available on large particles scales linearly with fission yield.

The result is, then, that the contour shapes and sizes are functions of totzl yield of the weapon,
whereas the dose rate contour values are determined by the amount of contaminant available; i. ¢, , the
fission yield.

Thus, if a dose rate on a particular contour is known for a pure fission weapon, the dose rate
on the same contour for a weapon which is part fission and part fusion is: .

. . Y
D = Dy (;:) (5. 8:4)

where

D = dose rate on a contour for a part fission weapon.

f)F = dose rate on the same contour for a pure fission weapon of the same total yield.

Y = fission yield.

W = total weapon yield.
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Formulae (5. 8:2) are then generalized to;
1
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where
t = any linear dimeneion of a given contour.

D = dose rate on the contour.
Y = fission yield.

W = total weapon yield,

At constant yleld, areas within isodose rate contours prohably remain constant, but the down-
wind extent varies directly as the cube root of the wind velocity, and the crosswind extent varies ln-
versely as the cube root of the wind velocity. This relation is verified (Dugway tests) only for winds
whose velocities do not exceed 25 knots. 16 For winds less than 5 knots these statements do not apply.
The dynamics of the active cloud overshadow the effects of such winde. It is anticipated, however,
that wind velocities at the high altitudes to which high yield clouds rise will, in general, exceed 5
knots by a considerable amount.

Figure 5.5:1 is. an idealized downwind fallout patternirom the Castle series for a 15-MT
bomb with an effective wind of 15 knots. It can be used as the basis for
scaling to other yields and effective wind velocities following the above prescription,

Figure 5. 5:5 18 an idealized ground zero pattern, based on the %
#IS—M:I:tota.l-yleld bomb and a 15-knot wind, It can be used as the basig for acaling to other yie
fo

owing the method described above,

This scaling method should be regarded as qtﬁte rough, although rapid. The errors may be
quitelarge and infact for some cases at the Teapot tests the error was as much as a factor of three. 17

PROBLEM 8

A downwind isodose rate contour patternfor a specific fisaion and total yield and effective wind
velocity is given, The scaled pattern for a different fission and total vield and effective wind is re-
quired.

Sclution

1. From the given pattern, Figure 5.%:1, choose a set of points properly dispersed to permit
mapping the pattern., The set should include the maximum downwind and crosswind dis-
tances for each of a number of contours.

2. Compite the cube roct of the ratio of the required total yield to the given total yield.
Compute the two-thirds root of the ratio of the given total yield to the required total yield.

4. Compute the ratio of the required tlusion‘«‘?ield to the given fisaion yield.

5. Compute the cube root of the ratio of the required effective wind speed to the given efiec-
tive wind speed.
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Compute the reciprocal of the number found in step (5).

Example

pattern for a

For each point selecied in step (1) perform the following operations.

a.

Multiply the downwind and the crosswind distances of the point each by the number
found in step (2). The resulting numbers are, respectively, the downwind and cross- -
wind coordinates of the corresponding point in a new contour which has been scaled
for yield but not for wind speed.

Multiply the value of the dose rate on the contour from which the point was selected
by the numbers found in steps (3) and (4). The result is the dose rate value of the
point found in (Ta), scaled for yield only.

Multiply the new downwind distance found in (7a) by the number found in step (5). The
result is the downwind coardinate of the point scaled for both wind speed and yield.
The associated dose rate value is that found in (7b).

Multiply the new crosswind distance found in (7a} by the number found in step (). The
result is the crosswind coordinate of the point scaled for both wind speed and yield,
The associated dose rate value is that found in (7h).

Plot the point at the coordinates found in (7c) and (7d) with the dose rate value from
(7b). Repeat for enough points to permit the sketching of iscdose rate contours.

. 875-MT total yield bomb atan effective wind speed of 30 knots,

The downwind isodose rate contour pattern for a_ 15-MT total yield bomb
at an effective wind sieei of 15 knots is given in Figure 3,5:1. Coastruct the corresponding dose rate

1.

M

w

The points will be characterized in the following manner: {125,30)-100 means the co-
ordinates are 125 miles downwind, 30 miles crosswind, and the dose rate value 1100r-hr-!
at H+1. A representative setof points might then be (125,30)-100, {335,0)-100, (100, 24)-200,
(277,0)-200, (90, 22)-400, (215,0)-400, (80,20)-600, {165,0)-600, etc, The computation will
be performed only jor the point {125,30)-100, which is sufficiently general to illustrate the
method
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a. 1/2x125 =62 5 miles

1/2x 30 =15 miles

4 x%x 100 r-hr ' = 50 r-hr !

1.26 x 62.5 = 79 miles
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d 0.79x15 = 12 miles

e. The polnt (125,30)-100 therefore transforms into the point (79,12)-50. The process
is repeated until there are enough transformed points to construct an isodose rate
pattern,

PROBLEM 9

The isodose rate contour pattern in the vicinity of ground gero is given for a specific fission
and total yield. Compute the iscdose rate contour pattern for a different fission and total yield,

Solution

1. Choose a set of points along a ray from the center of Figure 5.5:5. Note the radial dis-
tance from the center and the assoclated dose rate for each point.

2, Compute the cube root of the ratio of the required total yield to the given total yield.
3. Compute the two-thirds root of the ratio of the given total yield to the required total yield.

4. Compute the ratio of the required fission yield to the given fission yleld.
5. For each point selected in step (1) perform the following operations.

a. Multiply the radial distance by the number found in step (2). This is the radial dis-
tance of the transformed point,

b. Multiply the dose rate associated with the point by the numbers found in steps (3) and
{(4). This is the dose rate associated with the transformed point,

¢. Construct a circle about ground zerc whose radius is equal to the number found in
(5a). This is the isodose rate contour at H + 1 hour whose value is the dose rate found
in (5b). An arc of perhaps 60° of this circle facing downwind would have a somewhat
higher associated dose rate, in general, on account of wind perturbations. Also, the
center of the circle would be somewhat displaced and its shape a bit distorted by the
wind. 'The full circle approximatios-about ground zero is, however, about as good as
reasonably can be expected from the use of simple methods.

Example

Although they areless involved, the procedures for scaling of ground zero isodose contours are
similar enough to those of Problem 8 so that a separate example is omitted.

5.9 SCALING WITH HEIGHT OF BURST

The methods of predicting fallout discussed so far are applicable only to surface bursts. It is,
therefore, desirable to scale for bursts at some height above the earth’s surface. Fallout occurs in
appreciable amounts caly when there are earth particles inthe fireball capable of scavenging the active
material, Further, it appears that such scavenging particles are present inthe fireball in quantity only
when the fireball intersects the earth. There is clearly some relation between the amount of earth
included in the fireball and the amount of activity that is scavenged. We shall assume it is linear. We
shall zssume also that the amount of earth in the fireball is proportional to the volume intersected by
the fireball.

Let

x; = effective fireball radius {for 2 weapon of a given yield the minimum burst height at which
there 8 no appreciable fallout).
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4. ‘The required dose rate is

IXB+1)= 0.46 x 2000 = 920 r-hr-

5.10 ENERGY SPECTRA OF FALLOUT GAMMA RADIATION

The energy spectrum of fallout gamma radiation is subject to variation with weapon type. The
fission product portion of the spectrum igs invariant for any given fissionable material, e, g., %%,
Ut py®, y?, Moreover, indications are that there is very little variation in the fission product
distribution among the three commonly used fissionable materials: U, U™ and Pu™. Hence, to a
good order of approximation, we can expect the fission product part of the gamma radiation spectrum
tc be invariant.

The great floods of neutrons released in nuclear explosions, especially in thermonuclear wea
ons, can be captured in nearby materials, sometimes causing them to become radiocactive)

There have been observednegligible but detectable|components of the spectrufn which rosefrom
the activation of earth materials neutrons, €.g., activated calcium in the Marghall Islands and
activated aluminum in Nevada.18,19 | These activities constituted only a very few percent of the total
and could safely be neglected. The several pastundersea test shots have notshown activation of sodium
sufficient to contribute importantly to the fallout spectrum.

Neutron-absorbing materials may be deliberately placed in or around a thermonuclear bomb to
increase the radiological hazard., In such a case the fallout gamma radiation spectrum would almost

certainly be altered.

Barring peculiar burst environments or deliberate addition of neutron absorbers to the bomb,
however, it is probable that the fallout gamma radiation spectrum characteristic of the Castle type
bombs will hoid rather well for other thermonuclear weapon types.

The energy spectrum of gamma rays in fallout changes with time. ‘That is bacavse (1) nuclides
with shorter half lives will decay faster and vanish from the spectral structure, and (2) some nuclides,
which are not produced directly but occur as products of the dacay of other nuclides, do not appear
perceptibly in the spectral structure until after some }apse of time,

;o Fig, 5.10:1 presents 11 charts of the energy spectrum at different times ranging from 1 hr to
f 20 days after detonation. They are constructed from analytical curves of decay with the fission product
| and neutron activation components relatively weightedto afford agreement withthe experimental deter -
{ minations of the specirum at Castle. 18,20 'gince these determinations began at approximately 5 days

after detonation, the spectral data here presented for times earlier than 5 days are possibly not as
, accurate as the data for later times.

S
In the absence of detailed study of the lower energy end of the fission product spectrum, fission

product gammas with energies less than 0.1 Mev have been ignored, Further, the induced activities
include strong components of radiation below 0.1 Mev which have been lumped into the 0.1 to 0.4 Mev
range. While these low energy gamma components are not negligible, their treatment here simply

.-! makes the spectrum appear somewhat harder, i.e., of higher energy, than it really is, In turn, this

[ leads to a sglight apparent reduction in the shielding effectiveness of materiale, (From the defensive o

' _viewpoint this is conservative,)
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5.11 SHIELDING FROM RESIDUAL GAMMA RADIATION

The only mechanismas for reducing the gamma doae delivered from a source to a receiver are:
1. increasing the separation of source and receiver, and

2. interposing gamma-absorbing material between source and receiver or {better still) sur-
rounding the receiver or source with gamma-absorbing material.

Within the fallout area there is very little opportunity to use separation distance as a means of
attenuation hecause the fallout source is spread more or less uniformly over a broad region. To the
extent that there are Jocal non-uniformities, distance attenuation can be uaed by avoiding the hot spots.

Of much greater significance is the use of gamma-absorbing material to shield against the
radiation. Actuzlly all materials are gamma-absorbing butsome are more effective or more convenient
than others. A fairly accurate rule of thumb for selecting gamma-ghielding materials ig that for a
given thickness of material the gamma-absorption effectiveness increases with the electron content
per unit volume of the material. This is because a large portion of the gamma-absorption and scatter-
ing processes are simply reactions between gamma rays and electrons. The electron content per unit
volume is the product of the electron content per unit weight and the density of the material. Since for
most materials (except those containing alarge concentration of hydrogen) the electron content per unit
weight is approximately constant, the gamma-shielding effectiveness of a given thickness of material
increases with the density of the material and is approximately independent of its composition. This is
ejuivalent to saying that equal welghts of mosat nonhydrogenous materials provide aboutthe same shield-
ing protection, assuming the same shielding geometry. (Within this broad statement it is also true that
in general the materials of high atomic number andhigh density make the most effective gamraa shields,
particulariy for gamma rays below about 0, 5 Mev and above about 4 Mev, }

A convenient method of characterizing the shielding effectiveneas of a given material and ge-
omeltry is through the use of the dose transmission factor

D

= _1 .
T = Fj— (5.11:1)

D; = physical dose received at the inner face of a giver material and geometry due io a poly-
energetic source of gammas

Dy = physical dose received at the outer face of a given material and geometry due to a poly-
energetic source of gammas.

Instead of the expression given above we will use an approximate and more easily calcuia-
ted form for rough determination of the shielding effectiveness of a given structure. Thus

T, = e (5.11:2)

where
total linear attenuation coefficient for gammas of an appropriate average energy

thicknegs of shielding.

E]
]

In general, T, will not be equal to T as defined in Eq, 5.11:1, The use of T,, while adequate for
present purposes, would not be suitahle for all others, for example for calculations involving the
strong source and thick shield associated with puclear reactors,
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A corresponding expression for T, which may be used when there are a number of slabs of
different composition in the shield is

Ty 1a) i1 B+ X + s Xy) _ - B X cpnr X - MR Ty Ter Tey  (5.11:9)
L} -

where the subscripts indicate different materials. Eq, 5.11:3 demonstrates the. important rule, appli-
cable to approximate calculations, that when several materials are added togéther in a shield their
transmigsion factors are multiplied to obtain the transmission factor for the combined shield.

The shielding effectiveness of ahy material depends on the energy of the impinging radiation,
The energy spectrum of the falloutradiation is time dependent, as shown in Section b.10. The shielding
effectiveness of a material varies, therefore, with time. For most of our present purposes, the time
variation of shield effectiveness need not be considered, as it is relatively slight.

The only circumstance in which time variation becomes worthy of attention ie when there ig a
strong component of relatively short-lived and highly penetrating radiation. I it were contemplated
to remain in the fallout region for several weeks and if active godium were Dresent in quantity, the
shield should be assigned one value during the important lifetime of sodium and another for the re-
mzinder of the time.

Fig. 5.11:1 iz a plotof the tranamissionfactor of onefoot of soil (specific gravity = 2)from 1 hr
to about 23 days after the burst. During this period the transmission factor varies from a maximum
value of 0,164 to a minimum value of about 0,136, The 3-hr transmission factor, which is close to the
maximum, is taken as the average value. Since the activity decays quite rapidly with time and a gub-
stantial portion of the dose is delivered early, the 3-hr choice is quite realistic.

The shield evaluations of this section are based upon the energy spectra of Section 5.10.

Table 5.11:1 preaents nominal values of gamma ray transmission factors T,, as a function of
thickness, for several common materials. The specific gravity is also presented. These values, though
approximate only, may be used to evaluate most simple shielding configurations.

The foregoing material is presented to permit evaluation of the relative shielding effectiveness
of various common materials in the absence of more accurate methods. A better a priori evaluation
can be made by computing, or making educated assumptions about, the anticipated external residual
source distribution and calculating by Monte Carlo methods the radiation transport through the actual
shield composition and configuration. The best evaluation is made by metering the shield interior
under actual operational conditions.

While the characteristics of a shield are not the same for the long-lived, broadly distributed
residual gamma source asthey are for the short-lived and much more directional initial gamma source,
a fair notion of the relative effectiveness of various shielding installations may be had by reference to
Section 3. 7 which deals with shielding against the initial gamma radiation.

While it is difficult to make exact quantitative statements, some general remarks about shield-
ing in a residual radiation field may be offered.

Because the residual source is well distributed and because the radiation has the capability of
being scattered through angles, or, 8oto speak, of turning corners, an adequate shield must surround the
‘receiver completely. (Such exceptions to this rule as may occur for the case of residual radiation are

quite special,)

A radiation shelter can be prepared in advance and egpeclally designed for its purpose. The
most commonly recommended shelter {s an underground excavation with 3 to 5 ft of earth above. The
access corridor to such a shelter should, where possible, have a bend in it o that gamma radiation
cannot find a straight-line path into the shelter, since even though gamma rays can be scattered around
corners they suffer considerable attenuation in the process.
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all Islands who breathed, ate and drank contaminated air, food, and water for as long as4days, con-
clude that the internal radiation effects were low compared to the external efiects observed. No con-
clustons can yet be drawn, however, about the long range effects of such radiation.
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TABLE 5.11:1
Nominal Gamma Ray Transmission Factors for Common Materials

Transmission Factors

Material Specific Gravity 1in. 4in. 8 in, 12 in.
Water 1.0 - 0.1 0.8 0.4
Soil 2.0 - 0.8 0.3 0.18
Concrete 2.5 - 0.5 D.2 0.08
Cinder block 1.8 - 0.1 0.3 0.15
Wood 0.8 - 0.9 0.8 0.8
Lead . 11.3 0.25 0. 004 - -
Iren : 7.0 0.58 0.1 - -

v R .




Tl

The middle stories of high bulldings in cities make fairly good radiation shelters. They provide
a distance factor, and because of the intervening structure, a shielding factor.

Rearrangement of furniture and of anything movable, to come between the receiver and the
principal apparent source of dose can be helpful. Any structure or inclosure, whether or not it is high
or hasg a basement, is better than nothing; if the shelter equivalent of at least a basement is not avail-
able, however, evacuation should probably be considered. .

A very adequate shelter can be prepared in a subground level basement by piling sandbags on a
steel or wooden frame to a thickness of 2 or 3 ft, top and sides. IHf the bags can also be wetted down
before the water supply is contaminated, such a shelter would afford almost complete isolation from

the external gamma radiaticn,

Should outside air bearing contaminated particles penetrate a shelter of any sort, a hazard
might arise from beta activity deposited in the lungs or on the skin. Some effort should be made,
therefore, to exclude large masses of outside air from the shelter.

Figs. §.11:2 and §,11:3 reproduce the results of some simple calculations of the shielding
effectiveness, predominantly gecmetrical, or structures with and without basements. 21 1n each case
the superstructure begins at grade and is circular in shape. In the former case the dose rate is com-
puted for a receiver 3 {t above the ground level; in the latter, for a receiver on the basement floor at
the center of the circular cross section of the building, The calculated dose rate Includes both un-
scattered and scattered gamma radiation, contributed by uniformly distributed fallout contamination on
an infinite plare gurrounding the structure and on the roof of the structure. Dose rates are presented
as percentages of the dose rate outside the structure and 3 ft above the ground.

Figure 5,11:2 presents the results for the ‘‘no-basement’’ case, plotted against the structure
radius xg for four different values of structure height y. The lowest curve shows that portion of the
radiation which comes from the ground source, independent of the height of the structure (y = »), The
curves are computed for the case of infinitely thin structural materials, i. e., no structural attenuation.
No allowance is made for the effect of intervening floors in multistoried buildings. Table 5.11:1 may
be used for approximate evaluation of the effect of finite structural thicknesses (roof, walls, floors,

ete.) on the results of Fig. 5,11:2

Fig. §.11:3 presents equivalent results for the case of a structure with basement. An additional
parameter yp, is required for the depth of the basement. The same general descriptive remarks apply
to this figure as to Fig. 5.11:2. The two lowest curvee give the portion of the doge which comes from—
the ground source, independent of roof height (y = =) ior the two basement depths chosen.

The assumptions on which Figures 5.11:2 and 3 are based are sufficiently crude so that use of
these figures should be restricted to qualitative estimates.

5,12 VARIATIONS DUE TO ENVIRONMENT

There are two environments which can greatly alter the fallout dose received by a detector at
some pointin the fallout region: the environment of the burst point, and the environment of the detector.

The principal environmental factor of interest at the burst point is the nature of the surface over
which the bomb was detonated, Present experience for which detailed data are avallable is limlted to
the solls of Nevada andthe Marshall Islands. Particle size distribution work has been done by USNRDL
onthe Nevada soil, but little information is available on the Marshall Islands particle size distritntion,
The prevailing impression is that the Nevada distribution is probably fairly representative of most
soils and concrete constructions that might be encountered in the United States and Europe. Experi-
mental work: on the fractionation of different soiis is, however, vitally needed.

It 18 not at all clear what sort of fallout pattern will result from water surface and underwater
bursts. Although such bursts occurred in the Crossroads, Castle, and Wigwam serles, they were not
adequately documented for fallout. U a burst occurs in or over deep water, there is a fine 2erosol of
water created. Whether this aerosol penetrates far downwind, as would light particles, or forms
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largerparticles and precipitates early, is not established, In addition, 2 huge column of water is hurled
up into the air and it coliapses into the water not too far from ground zerp. Preliminary information
from the Castle tests indicate thatthe low dose rate contours would be larger and that the high dose rate
contours would be smaller for a burst over or under water than for 2 corresponding burst over a land
surface.

Another burst point environmental factor which may sometimes be important 1s the presence
of an isotope Bubject to neutron activation which can contribute significantly to the gamma radiation
source, This has not yet been a serious problem. Activated calcium was found in aome quantity after
Castle Bravo, but in amounts small compared to the fissfon product sgurce. The total dose measured
after undersea bursts has not shown important amounts of radiation resulting from sodium activation,

Environmentsl factors in the neighborhood of the receiver can affect the dose in many ways.
Heavy foliage can keep a portion of the source suspended. Rough terrain can shield out some effects
of the active material shadowed by it. Drifting and olowing of the dust (like snow) by the ground level
winds can cause local space and time variations which might increase or decrease the dose, (A re-
¢ceiver ina Btructure on an esaentizlly plane site would probably recurd a larger dose om account of
drifdng on the windward side of the structure.) A well-drained site would probably be subjected toc a
smaller dose if rain occurred during or after fallout and a poorly drained site would probably receive
a larger dose.
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Tt i8 clear that environmental factors, both at burst and receiver point, can substantially in-
fluence the dose. Further, while environmental factors at the receiver should influence operational
decistong, they are not intrinsically of a nature to lend themselves well to a priorl quantitative de-

scription,

5.13 NEUTRON-INDUCED ACTIVITIES

A second possihle source of radicactive fallout material, in addition to the active fission pro-
ducts, 18 material activated by bomb neutrons. These neutrons can be captured in nearby materials,
leading to the formation of new isotopes which are sometimes radicactive. There are three kinds of
neutron-induced activities to be considered tn weapons efiects, namely:

1, activities induced in materials normally present in the bomb,

2.. activities induced in materials deliberately added to the bomb to increaseits radiological
hazard, and

3. activities induced in materials in the environment in which the bomb is exploded.

By far the most important induced activities observed to date are those resulting from the
capture of neutrons in the U® and U normally present in the thermonuclear weapon. According to
the observations made in the Castle series, 18 these activities comprise a significant part of thefallout
radiation source at times of the order of 30 min, and the major part at times af the order of 3 days.
(These contributions came from the U3 - Rp®** chain formed from the capture of a neutron by U.)
Other standard weapon materials donot appear to contribute importantly to the residual gamma radia-
ton apurce, Tt is pogsible, however, that some portion aof the initia]l gamma radiation source may
come from (n, y) reactions in weapon materials.
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There has as yet been no experience with activities induced in materialm placed in the bomb

deliberately for that purpose. The posafhility that a material exists which 18 practical for that purpose
cannot now be dismissed,

In both the Marshall Islands and Nevada, activated earth materials have been detected. 18,19
The quantity of this kind of activity has been only a few percent of the tota]l activity produced by the
bombs. Even in the base surges andin the craters of underground bursts, where oné would expect such
acHvity to be most concentrated, it has not appeared in very sighificant amownts in comparison with
the fission product contrilntion (at least in those surface regions where observations were made). It
has been found, however, that for air bursts, where there is no {issjon product fallout, the neutron-
induced activity at ground zero may be important. The area around ground zero affected by this neu-
tron-induced activity, resulting from either ground or air bursts of a glven weapon, is small compared
to the area affected by ground.burst fallout radiation fram the given weapon. It is rather ditficult to
conceive of other situations where the capture of neutrons in environmental materials would contribute
importantly to the residual radiation.
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Chapter &

RESIDUAL BETA RADIATION

6.1 INTRODUCTION

Detonation tests of about 100 nuclear weapons ranging in yleld from I KT to 15 MT have estab-
lished the fact that the larger weapens, of the order of 0.5 MT or more, can contzminate a large areg
downwind byfallout of radicactive debris. In those cases where fallout becomes a serious problem, the
fonization produced by beta particles emitted by the radicactive debris may, under certain circumstan-
ces, create a more sericus biological hazard than the accompanying gamma radiation, The beta hazard
can only occur when personnel are in close proximity to or are substantially unshielded from fallout
material; distances from the source of the order of 10 ft in air or shielding thickness of the order of
0.5 gm-cm™? are usually sufficient to render the beta radiation a lesser hazard than the gamma radia-
tion. Some typical situations which may occup (listed in order of probable decreasing importance)are:

1. Irradiation of personnel as a result of fzllout adhering to skin or clothing,
2. Irradiation of perscnnel standing or lying on contaminated ground surfaces.

3. Irradiation of personnel in proximity to heavily contaminated massive objects {airplanes,
ships) which have been exposed to the radioactive cloud.

Since a beta hazard wiil be considered to exist anly when it exceeds the gamma hazard, it is
clear that the gamma radiation for various situations of interest must also come under scrutiny.

As & firstapproximation the digintegration energy of early timefallout is shared equally by the
beta and gamma emissions. For exatmple, the average gamma energy of fallout 4 hours after the bomb
burst ie about 1 Mev, the average beta energy is about 1 Mev, and there are about 1.5 betas emitted
per gamma. Because of the vastly different absorption characteristics of betas and gammas, the rela-
tive doses are not at all the same. In materials of low atomic number such 2B Air or tissue, the linear
energy trangfer of a 1-Mev beta 12 about 70 times that of a 1-Mev gamma,. Thus, in the viclnity of o
source of equal beta and gamma strengths, the beta dose may be 70 times as great as the gamma dose.
Onthe other hand, because of the rapid dise{pation of beta energy with distance in an absorbing medium,
the beta flux and dose decrease much more rapidly than the gamma flux and dose.

ff humane were equally vulnerable to equal beta and gamma doses, the beta radiation hazardin
the vicinity of sources would indeed be formidable. The disability dose for betas is still subject to
disagreement; but a figure of 3000 to 5000 rep has won a certaln degree of acceptance. 1 The disability
gamma dose {8 commonly taken as 150 to 200 r.1 Neglecting the amall difference between rep and
roentgen units, the range of situations for which the beta radiationis a hazard is then roughlylimited to
those for which the beta-gamma dose ratio is greater than about 20. It should be emphasized that the
evaluation of a relative hazard cannot possibly be determined by the beta-gamma dose ratio alone. The
intrinsically different depth dose behavior of the two radiations, the difference in blological effect for
a given exposure, and the difference in the effect with degree of exposure are decisive factors which
must be considered in the determination of the relative hazard in each given situation. For example,
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the gamma dose of interest is the total body dose. Though it may be desirable to correct the surface
gamma dose by a small factorto account for gamma attenuation in the body, the correction is not sensi-
tive to source geometry and orientation of the body because of the hightransparency of tissueto gamma
rays. (Low energy gammas are not considered.) On the other hand, the beta dose can always be re -
garded as a surface dose. The ghielding effects of various parts of the body are in this case complete
and the resultant dose is quite sensitive to the orientation and distance of the body surface with respect
to the source. Consequently, a subject exposedto a ground saource of betas will experience an exposure
analogous to a sunburn recelved by a man standing on his head on a hazy day at noon. Although we can
make predictions about the effects of alocal betz exposure, it 18 somewhat difficult to define the gross,
over-all effect of a varying body exposure to betas.

Because the biclogical effects of betasand gammasare sodifferent, the use of the concept “‘reia -
tive hazard’® may be somewhat questionable. The incapacitating effects of betas can be compared to
burns of various degrees: reddening, blistering, and permanent destruction to the skin and sub-tissues.
The incapacitating effects of gammas may be roughly indicated according to degree as fatigue, nausea,
general disability, and death. The time required forthe incidence of these effects is much greater than
in the case of beta radiation, perhaps 5 to 10 times as long. The resultant weighting of such effects
with their associated time delays in order to formulate a judgment about a set *‘relative hazard’’ inthe
form of ane of these radiations is a complex business. Furthermore, even if a relative hazard should
be considered to extst for one of the radiations, the hazard may shift if the doses are increased in
equal proportion. A 3000-rep beta dose over the lower half of the body might well be considered a
greaterhazard than a 100-r gamma dose. H both doses are scaled upward by a factor of four, however,
it is unlikely that 2 12000-rep beta dose wouid have the lethal effects of a 400-r gamma dose, In general,
an increase of the radiation level will tend to shift the hazard to gammas. Situations for which a rela-
tive beta hazard can occur would require a gamma dose less than the order of 200 r.

The existence of situations where anindependent beta radiation hazard existed was first pointed
out in 1949 by Condit, Dyson and Lamb. 2 Such situations have sBubsequently occurred. Probably the
most significant onesl is the contamination of the populated atolls of Rongerik, Romgelap, Alinginae,
and Utirik by fallout from the Castle Bravo shot in March 1954. The major biological disabilities ex-
perienced by the natives were all produced by beta radiation, the beta exposure being a consequence of
direct contamination of the skin and clothing.

One should not conclude from the above event that cantact expoaure to fallout is necessarily a
beta hazard. A total exposure slightly greater than that which occurred would have resulted n the in-
cidence of lethality by gammas. In addition, the medical complications from the total body gamma doae
were potentially serious. Furthermore, taking protection indoors or prompt bathing would have elimi-
nzated or greatly mitigated the beta hazard. The effects of the Marshall 1slands fallout clearly Indicate,
however, that contact expoaure of individuals to fallout which does not produce too high a gamma level
can result in situations which are primarily a beta hazard. (There exists a possibility that some of
the dose 18 due to very low energy (less than 50-kev) gammas rather than betas but the evidence
presently avallable indicates that this 18 probably not the case. Thus calculation? of the fission pro-
duct gamma spectrum has shown that there are very few low energy gammas; experiments have shown
that the attenuation of the ““scft’’ component of the dose appears to resemble beta particles in the Mev
range rather than very low energy gammas, %)

There {5 some experimental information available on fallout situations where the importance of
betas relative to gammas is marginal rather than clear-cut. The interpretation of these data is not
decisive, however. One of the objectives of the succeeding paragraphs is to akeich in greater detall
the beta dose and relative hazard in these marginal situations where both beta and gamma radiation
may be important.

The beta and gamma fallout doses are dependent on the activityand energy spectra of the source,
onthe geometry, and onthe nature and thickness of the intervening absorbing medium. Althougha great
deal of information does now exist, the results required to fill in the detalled picture arenot complete.
Furthermore, much of the information on hand i8 not consistent, One can only attempt toarrive at
“best’’ or most consistent values of the beta dose, and the absolute accuracy of such values must be
consldered tentative. In view of the conditional nature of the conclusions, a policy of simplification has



been pursued. As an example, geometrical considerztions have been confined to the case of infinites-
imally thin, plane isotropic sources shielded by piane absorbers. For this geometry, there exist
sufficient calculations and measurements to make detailed statements about the beta doae and the beta-
gamma ratio. Furthermore, in view of the limited range of beta particles and the intringically large
extent of the fallout, this geometry sppears to be & reasonable approximation for most operational sftu-
ations. There ave factors which may invalidate this approximation, such as the roughness and finite
extent of the real source surface. More {mportant may be the finite and even large size af the fallout
source particles, Large particles tend to decrease the beta relative to the gamma source strength due
to gelf -absorption, and t0 change the source angular distribution from isotropic, particulariy for the
betas. The {maportznce of these factors is presently unknown.

Point geometrical sources in spherical geometry are of much lesser significance than infinite
plane isotropic sources and have been considered to a limited extent only. The extensive calculations
required to handle intermediate geametries, such as finite plane sources, are notavailable atthis time,

The determination of the betn dose and the accompanying gamma dose under various situations
ie conveniently presented in the following sections:

6.2 Radiation Source Characteristics

6.3 Beta-Gamma Dose Ratio at the Source
8.4 Beta Depth Dose Behavior

6.5 Beta-Gamma Biclogical Hazard

6.6 Miscellanecus Internal Effects.

Section 6,2 considers the beta and gamma energies and activity ratios of the source. These are
sufficiently time-dependent to require a time-dependent description. In view of the range of measured
and calculated beta-gamma dose ratio values for various situations, Section 6.9 presents a standardized
set of values Tor a clear-cut geometrical aituafion without the effects of absorbers. The effects of ab-
sorbers, such as air and cicthing, are considered in Section 6.4. Biological effects and estimates of
disability doses are briefly discussed in S8ection 6. 5, and situations where internalbeta radiation might
be considered a hazard are covered in Section 6. 6.

6.2 RADIATION SOURCE CHARACTERISTICS

The relative beta and gamma doses are dependent on the beta and gamma energy spectra and
beta-gamma activity ratios of the radicactive fallout source, The activity ratio 18 defined as the ratio
of the number of beta particles to gamma rays produced by the source. An accurate description of the
energy spectra and activity ratios over the time interval of interest (1 hour to 30 days} would be com-
prised of a formidable amount of data but much of this information 42 notavailable at the present time,
Much effort has been expended in field measurements of the spectra, but the measurements have been
handicapped by instrumental limitations. The use of improved techniques suchas scintillation spectro-
metry® are encouraging and give promise thataccurate spectral distributions for the complete ttme in-
terval will ultimately be availabie.

The picture is also rendered difficuit by the phenomenon knows as fractionation. The concen-
tration of the condensed nuclides is largely determined by the history of diffusion of their ancestora
and their physical and chemical properties at the time of condensation. These are selective proper-
ties. As an extreme example, nuclides such as krypton and xenon, which are noble gases, cannot
condense until they have decayed into rubidium and jodine, respectively. Thua, the concept of a stand-
ard composition source (at a particular reference time) is somewhat tentative. Though the significance
of {ractionation must be conceded, the incorporation of this somewhat random variabie ar a modifying
parameter of the source energy distribution is not feasible at this time.

To circumvent the lack of detailed knowledge of the energy spectra, it has been customary to
speak of *‘effective’’ average gamma ray energles and *‘effective’ maximum beta ray energies as
functions of time. These effective energies are those single values of the beta and gamma energies
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which characterize the entire beta and gamma spectra. Once such effective energies are established
it is possible to treat both the beta and gamma sources as monoenergetic. This is the approach fol-
lowed in the present treatment. Thus Fig. 8.2:1 is a graph of the effective maximum beta energy,
effective average gamma energy, and the average beta-gamma activity ratio as afunction of time after
fission. The figure is taken bodily from a report of Sondhaus T and will be used as a standard. The
Bordlhaus curves are neither exact nor up-to-date but they do present the information which is most
useful for estimating the beta-gamma dose ratio and the beta depth dose attenuation. For times great-
er than one hour, the curves are based on activity calculations of Hunter and Ballou® for standard
fission products; the shorter time values are based on measurements of fission products.

N E3 m (exp%tmenul) I [ I
E = effective maximum
\ 4 energy of beta par- _} 3

3
\ ticlies, Mev
\ 1-:’r ave = pffeclive average

energy of gamma
\ rays, Mey
{N_/N,) __ =average beta-gamma
._%an ) g Tave activity ratio
b, 2

2 = fmm
~ T i
\\‘ N EB max {calculaged;

.\\ \ /— |
N

1 —
-1 Ey ave - e

10 30 1 3.5 12 2 7 28
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Figure 6. 2:1 Beta-Gamma Activity Ratio, and Beta and Gamma Effective Energies at
the Source as a Function of Time after Fission. Dashed line is estimated,

Inorder to determine the effective average beta energy from the effective maximum or endpoint
values it is necessary to know the shape of the beta energy spectrum and therefore the type of decay
transgition which occurs. For present purposes the decay transition known as ‘‘allowed’’ will be as-
sumed togetber with the resulting relationship between maximum and average beta energy. While
this relationship varies with the atomic number as well as with the maximum beta energy, a reason-
able value for present purposes ia

Bpave = O30 E, oo (6.2:1)

Calculations by Condit et n.l2 indicate that the composite spectra do have some resemblance to allowed
beta spectra for times lees than 30 days,

w2 b



_— "

-

6.3 BETA-GAMMA DOSE RATIO AT THE S80URCE

The most practical limiting geometrical situation for which the beta-gamma ratio is of interest
is the infinite plane isotropic source; this simulates fairly well situations which involve a contaminated
ground surface or contamination adhering to the skin. In many practical situations the beta dose may
be significantly reduced by the distance of the body tissue {rom the source and by shielding by clothing -
and by the body itself. These effects are considered in Section 6.4. In the Iollowing paragraphs the
object is to determine the beta-gamma dose ratio at the source.

Previous values of the beta-gamma dose ratio range from40:1 to 157:1. Tochiltn and Howland®
obtained the 157:1 value from a fallout sample using a calibrated thin walled, parallel plate jonization
chamber. Tochilin et a1l¥ obtained an average value of 100:1 using film stacks set below fallout sam-
ples in the field, Goulding and Cowper, 1! using a combination of measurements and calculations, ob-
tained a value of 15C:1. The early estimates of Condit et al? gave a ratic of 150:1 but the calculations
were more in the nature of estimates. Later calculations of Teresi and Broidol2 gave a value of 40:1,
based on a beta-gamma activity ratio of 1.

Brennan!? obtained the ratio 10:1 for the quantity

D
s * Pp

D,

where D, and D . are the beta and gamma doses to the papillary layer of the human skin, and D, s’
the dose measure? by a film badge in the shoulder position. This has led to some confusion, since it
is not a beta-gamma ratic per se. It is not necesearily inconsistent with other measurements or with
the calculations in the present document.

Imrie -and Sharp® measured the beta-gamma dose ratio using miniature thin walled ionization
chambers at the surface of or within simulated human phantoms. Close to the source plane the beta-
gamma doee ratio for the {irst day after the burst was reported as 50:1.

One would expect a range of values for the beta-gamma dose ratio because of varying energies
and compositions of the source, but it seems unlikely that these variables should account for more
than a 2:1 spread. Differences in source-detector geometry may also be a factor responsible for part
of the spread. Further investigation seems to be indicated,

Accurate physical data and rigorous calculations now exist for computing the beta and gamma
doses for both point and plane isotropic sources imbedded in a uniform absorbing medium when the
source strengths and energy distributions are known or can be estimated. Back-scattering due to
medium discontinuities and thick sample effects for the beta sources are perturbations which will be
encountered in the field and which will, in general, tend to decrease the beta dose from the values
calculated for the geometries described above. These factors not withstanding, for estimating the
beta hazard at the present time the calculations are more reliable than the measurements.

It is instructive to indicate first how the beta-gamma dose ratio can be estimated close to a
monoenergetic point isctropic source in air. I a 20-hr time after the bomb burst is chosen, Fig.
6.2:1 gives an effective maximum beta energy of 1.7 Mev, an effective average gamma energy of
0.75 Mev, and an average beta-gamma activity ratio of 1.1. With an effective maximum beta energy
of 1.7 Mev and assuming the allowed spectrum, the effective average beta energy is 0.6 Mev.

Close to a point isotropic source of 0.6-Mev beta particles in air the beta dose rate in units
of erg-sec~'-gm=! is

P, 8 1.71) 8 0.28 x107% §
5. s WTWE  0BEITS erg o
8 4R'k, 47R! (6.24 x 10% " stc-gm
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where
K, =8.24 x 10' Mev-erg™?
Pgy = stopping power for betas in standard density air, Mev-cm?-gm™
8; = source strength, betas produced-sec*?
R =distance {rom potnt source, cm
For 0. 6-Mev betasl® Pg, ia 1. 71 Mev-cm?-gm™!.

The unscattered gamma dose rate close to an isotropic point source of 0.75 Mev gammas inair
is

Has E 8, ) (3.7 x10°%) (0. 75) B, ) 0.35 x 107 8,

= - e (6.3:0)
Y 4Rk, d, xR (6.24x107 (1.20 X107 41R? sec-gm

where
Uae = linear energy-absorption ccefficient for gammas in standard density air, cm™?

d, = density of air at standard conditions, gm-cra™

E = gamma energy, Mev
S.,, = gource strength, gammas produced-sec™!

For 0. 75-Mev gammas!® Uge 183.7x 20  em ™.

Close to the soyrce the scattered contribution to the gamma dose is small (i.e., the buildup
factor is close to 1) and the value derived above for the unscattered gamma dose rate may be taken
as the total dose rate D,,. Thus the ratio of total beta tototal gamma dose close tothe isotropic source
point in air and taking into account the beta-gamma activity ratio of 1.1 is approximately

D 0.28 x 10~% s:H
= ———— " = (80) (1.1) = 88 {(8.3:3)

A
D, 0.35xl07s,

The dose ratio given above is expressed as the ratio of ergs per gm of air (due to betas)to ergs
per gm of air {(due to gammas). This is identical to a ratic expressed in terma of rep of betas per r
of gammas in ajr. The same numerical values may, however, also be taken to represent the ratio in
terms of rep of betas per r of gammas in tissue, as only a small error is introduced by this asaump-
tion.

These estimates are naturally limited in accuracy by the accuracy of Fig. 8.2:1. A rigorous
calculation which properly ta.kes tnto account electron energy degradation and details of the beta spec-
trum is given by Spencer 4 He obtains a beta dose rate D, in the vicinity of the source which is about
20 percent larger than the result obtained above for monoenergetic betas. Thus

. 0.34x107 8 erg
D, = (8.3:4)
B 4r R sec-gm

The dose computed for monoenergetic betas in low primarily because the low-energy beta component
of the spectrum haa a greater energy loss per unit path length.

Using Spencer’s value, the beta-gamma ratio for 20-hour point source isotropic fallout is

™ w—
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-_-B— = 105 (6. 9:5)

D,

Calculation of the beta-gamma dose ratfo for an infinite plane source is complicated by certain
practiczl and theoretical difficulties and no adequate analytical treatment for this ratio is presenﬂy;
avallable. Under these circumstances only an approximate, admittedly incomplete, treatment is pos-
sible. This method ig naturally not unique but it is believed to be the most appropriate for simple cal-
culations at this Hme.

What 18 done 18 to take the gamms dose calculated at a distance of 3 ft for an infinite isctropic
plane source of zero thickness and to define this as the gamma surface dose. This assumes that the
gamma dose does not increase appreciably between 3 ft and the source surface, a reasonable assump-
tion for real surface sources, although incorrect for ideal surfaces. Since S ft of air can appreciably
reduce the dose from a low energy beta source, this dose is taken at a much closer distance. The
analytical beta dose determined by Spencer!4 for finite distancesfrom the source surface is extrapola-
ted to yleld a finjte result at zero distance; this procedure will define the surface beta dose.

For an isotropic infinite plane source of zero thickness the unscattered gamms dose ratein air
i8 given by16

D =—p—
My 2k, d,

Koo E (sr/A) f e A" d(pt.r)
Ky

y %r
B (6.3:6)
tae E (Sy/A)
I [Ed 0]

where
S},/A = source strength, gammas produced-sec~!-cm™!
E;(u4,y) = exponential integral
ey = total linear attenuation coefficient for gammas in standard density air, cm™!
y = height of receiver above source plane, cm
r = glant distance {rom the receiver to a point in the source plane.
Using values appropriate tothe 20-hr point, uy, =0.87 x 10™4cm™! andthe unscattered gamma dose rate
3 ft from the source surface is
(3.7 x 107%) (0. 75) (Sy/A)
Dyy = -3
(2) (6.24 x 10%) (1.29 x 107%)

(4.25) = 0.74 x 10"7(Sy/A) EEEE-SEE (6.3:7)

The dose bulldup factor which corrects forthe contribution of the scattered radiation has the valuel, 31
at 3 £t17. The total gamma dose rate is therefore

D, = (1.31) (0.74 x 107 (5,/A) = 0.07 x 107 (Sy/A) —= (6.3:8)
. gsec-gm

The beta dose rate for an isotropic infinite plane P2 source {corresponding to a maximum beta
energy of 1.7 Mev) 18 given by Spencer for finite distances from the source. Extrapaolating the dose to
Zero distance ylelds a beta dose rate of

-
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...Ef....z 0 x10t _fi'f.nl'.._ (6. 3:9)
Sg/A curie-sec-gm o

where S,/A=source strength, betas produced-sec~lem™2, The value of 2.0 x 10* was obtained by linear
extmpogﬂan on a plot of differential energy disgipation as a function ufdlstance from the source plane.
The extrapclation was carried out from a distance corresponding to 50 mg-cm™*

Converting this to the same units as the gamma dose rate ylelds

(2.0 x 109 (sB/A)

<0.54x10% (3,/4) —F (6.3:10)

Dg = sec-gm

3.7x 10"
The beta-gamma dose ratio close to the source plane is then

b -3
Dg =o.54 x 107 (35/A) _0.54x 107
D, 0.97x1077(8,/A) 0.9Tx1077

(1.1) = 61, (6.3:11)

These values, sirictly speaking, hold only for the 20-hour time point. This time was chosen
for the specific example because of the explicit Spencer beta dose calculation for an endpoint energy
of 1.7 Mev.

It {8 interesting to note that the beta-gamma dose ratio, as calculated above, is not extremely
sensitive to source geometry. The point isotropic source value 15 less than twice the plane iactropic
source value. Since almost all field situations will be effectively more analogous to the plane isotrop-
ic source, the plane isotropic value can be used with reasonable accuracy for all situations,

Although one would a prior{ expect the beta-gamma dose ratio to be time~dependent because of
the time dependence of the energies and the activity ratios, it so happens that the dose ratio, 1o a fairly
good approximation, is independent of time. The beta dose at the source should be fairly independent
of energy with regard to the energles actualiy encounterd. This is because the only factor determin -
ing the beta dose which is energy dependent is the energy loge term (Btopping power P .) and this term
18 quite constant from 10 Mev down to 0.4 Mev. At lower energies it does increase, reach.ng rouehly
twice the minimum value at 100 kev. The range at this energy is, however, only 18 mg-cm™, Betas
withthis energy orless are nat biologically significant, since they can barely peneirate the skln; furth-
ermore, they will be heavily absorbed by the source. Since most of the betas are emitted within the
energy interval af constant energy loss, the beta dose at the source surface (and particularly the sig-
nificant non-low energy component} can be taken as independent of beta energy.

The gamma dose dogs vary with gamma energy and thus with time, The beta-gamma activity
ratio, however, which also enters inio the dose ratio and is time-dependent, varies nearly as the
gamma dose and effectively eliminates the variation of the dose ratio.

For idealized infinitely thin plane isotropic sources, the beta-gamma dose ratio can therefore
be considered to be substantially constant {from 1 hour to 30 days after the time of burat). The values
of the dose ratio for plane sources obtatned by several investigators{rom both experimental measure-
ments and theoretical calculations vary from about 40 to about 160. As noted previously, the calcula-
tional results appear to be more reliable and are weighted accordingly. Thus, the best all-around
compromiee value of the beta-gamma dose ratio seems to be of the order of 70 and this value will be
used throughout,

6.4 BETA DEPTH DOSE BEHAVIOR

For many situations it is lmportant to determine the attenuation of the beta dose produced by
intervening material such as air or clothing. More massive materials, such as building walls or even
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= 1/4-in. slab of plywood, will effectively shield out all the betas. Thicknesses of absorbers capahle
of attenuating the beta dose by & factor of 100 do not appreciably attenuvate the gammas.

Fig. 6.4:1 is based upon an allowed beta energy spectrum and gives the attenuation of the beta
dose as a function o absorber thickness and maximum beta energylo. The curves are the results of
measurements on stacks of film exposed ta beta emitters Ta'®, RaD + RaE, P®, ¥ and Ro!™ with
endpoint energies of 0.5,1.0, 1.7, 2,3, and 3.4 Mev, respectively. The gecmetry is that of the in-
finite plane isotropic source with slab absorbers. The P¥ depth dose film measurement curve isin ex-
cellentagreement with the P* calculations of Spencer14and independent P*? measuremants of Loevinger 14

Effective Maximum Beta Energy, Mev
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Figure 6,4:1 Beta Depth Dose Curves {or an Infinite Plane Isotropic Source Given as a
Percentage of the Dose at the Surface.

when the beta dose rate at zero distance from the surface source is taken as 1 x 10% ergs-cm®curie™!-
sec”l-gm™!, It is noted that the experimental setup used to obtain Fig. 6. 4:1 15 not necessarily & com-
pletely valid modelfor the actual cperational situation since problems like self-absorption by contami-
nated particles remain unevaluated. The precise value of the dose in the vicinity of the source will
always be somewhat ambiguous because of such varying characteristics of the source; nevertheless,
by forcing the curves to agree for large absorber thickness one retains confidence in the value of the
dose at finite distances.

Fig. 6.4:1 contains a double abscissa (maximum beta energy and time after detonation) and a
double ordinate {mg-cm=? and feet of air). The correlation between maximum beta energy and time
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after detonation is taken from Fig. 6.2:1 while the air scale i8 based on the standard air density of
0.0012838 gm-cm™.

Assuming a beta-gamma dose ratio of 70:1 and the depth dose behavior of Fig. 6.4:1, one can
make specific statements about the beta hazard for many altuations of interest. What is done i8 to
calculate the attenuation of the beta dose by the materials (atr, clothing) between the scurce and the
point of interest and multiply this by the known gamma dose at the point of interest, the beta-gamma
dcse ratio at the spurce, and a geometrical correction factor. This procedure assumes that there is
no attenuztion of gammas between source and the point receiving the dose.

It should be noted that the procedure outlined i8 applicable to the calculation of the beta dose
rate only for relatively simple gecmetries and where the corresponding gamma dose rate is known.
For example, it can be used to predict the beta dose rate to a man standing or lying on a contaminated
field or in proximity to a contaminated ship or aircraft. For the important situation where fallout
particles have adhered to the skin or clothing this calculational procedure is not useful. Indeed, in
view of the wide range of possible source particle distributions and strengths it is difficult to conceive
of any calculationdl procedure that is valid. The most that can be said is that when the skin and cloth-
ing have become contaminated as a result of the manlying in the contaminated field or by being exposed
to the falling particles, the beta dose rate received due to such contamination is probably less than
that received while lying in the field. However, since the time period during which the man’s skin and
clothing are contaminated may be much longer than the period during which he lies in the field, even
this conjecture may not be particularly helpful.

¥or a clothed man standing on contaminated ground, a vertical cylinder can serve as a rough
geometrical model. Since the body absorbs all betas, the vertical body surfaces have a line-af-sight
view of only half of the source plane. Gamma rays are much more penetrating and points within or at
the surface of the body see essentlally the entire source plane. Thus the effective beta-gamma dose
ratioshould be reduced byafactor of approximately twoor to a value of 35:1. Typical clothing welghtsl-"
in mg-cm~? are: undershirt 17, shorts 12, shirt 28, trousers 77, fleld jacket 186. Assuming the man
18 clothed with the above items, the dose ratio at various parts of the body is obtained bytaking into ac-
count the attenuation produced both by air and by clothing.

It is evident that for all times of interest the lightarticles of clothing aifer no significant shield-
ing protection against betas. Furthermore, the epidermal layer of akin (about 10 mg-cm~?) can be
ignored as a beta shield.

If one assumee an independentbetz hazard to exist for situations for which the beta-gamma ratio
is greater than 20 (4000 reps of betas as compared with 200 roentgens of gamma radiation), and if one
also assumes the surface beta-gamma ratio to be 70:1, then the area in Fig. 6. 4:1 below the 30 percent
curve corresponds to such situations. For vertical body surfaces where the 35:1 surface beta-gamma
ratio applies, the corresponding area 1s that below the 60 percent curve.

PROBLEM 1

A man stands erect on an infinite plane surface completely contaminated by fission products.
The following facts are known: weight of clothing per square centimeter, height of various parts of his
body, time elapsed since bomb burst, and average gamma dose rate that he is receiving.

Compute the beta dose rate at the surface of various parts of his buly.

Solution

1. Take the surface source beta-gamma ratio to be 70 rep-r=i,

2. Fromthe average height of each body area of interest, compute the equivalent air absorption
weight in mg-cm™2.

3. Compute the clothing weight at each body area in mg-cm*?,
4, Find the total absorber weight by adding the results of steps 2 and 3 above.
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6. In Fig. 8.4:1, read the abacissa at time atter bomb burst and the left ordinate at total ab-
sorption weight for each body area. The intersection of these two coordinates gives the beta-
gamma dose ratiofor anisclated shielded point asa percentage of the infinite plane imotropic
source surface doge ratio.

€. It is necessary toapply a geameiric correction factor since the affected areas are not ise-
Iated points for beta radiation. Any point onthe upright man’s body surface is shielded from
the beta radiation of one-half the plane by the body itself. This is not, however, true of the
gammas. The correction factor is therefore one-half,

7. The beta dose rate to an affected area is therefore given by: average gamma dose rate
{r-hr~Y) x infinite plane isotropic surface source beta-gamma dose ratio (rep-r-!) xab-
sorption correction (expressed in percent of surface dose ratio) x geametric correction.

These factors come respectively from the given data and stepa 1,5, and 6 of the solution.
Example

A man stands erect in an infinite plane fleld contaminated by fallout. His clothes with typical
specific weights are:

Welght,
Article mg-cm™?
undershirt by
shirt 20
field jacket 186
shorts 12
trousers m
The affected areas of interest with nominal heights are:

Area Height, ft

calf 1

thigh 3

chest 4

face 5

The time elapsed since burst 18 (a) ane hour and (b} two days and the average gamma dose he is receiv-
ing is for each case 100 r-hr~1.

Compute the beta dose rate at the surface of the given body areas.
1. The source surface beta-gamma ratic is taken as always being 70 rep-r".

2.. The equivalent air absorption weights computed for each of the areas at 40 mg-cm-!-ft™!
above ground are;

Alr Weight,
Area mg-cm™3
calf 40
thigh 120
chest 180
face 200




S, .

3. The clothing absorption welghts are:

Area
calf

thigh
chest

face

4. The total absorption welght for each area is:

Area

———

calf

thigh
chest

face

Clothing Weight,

mg-cm=?

77 (trousers)

89 (trousers, shorts)

232 (jacket, shirt, undershirt) ’

0

Total Weight,

mg-cm-?

117
200
392
200

f 5, The absorption corrections on the beta-gamma dose ratic of the twe times melected are

from Fig. 6.4:1;

Area

calf
thigh
chest

face

Absorption
Correction
1 hour 2 days
0.78 0.22
0.58 0.045
0.27 0.00
0.58 0.05

6. Since the body shields out half the field, the geometric currection factor is one-half. (The
inner surfaces of the calf and thigh would receive more shielding and have a smaller factor,

but this effect will be ignored.)

7. The betz dose rates by body areas for one hour and two days respectively, are:

Time Gamma Surface Beta
After Doae Rate, Dose Ratio, Absorption Geometric Dose Rate,
Burst Area r-hr-! rep-r~! Correction Correction rep-hr-!
1 hour calf 100 70 ¢.78 0.5 2730
thigh 100 70 0,56 0.5 1660
chest 100 70 0.27 0.5 945
face - 100 70 0.58 0.5 2030
2 days calf 100 70 0.22 0.5 770
thigh 100 To 0.045 0.5 158
chest 100 0 0.00 0.5 0
face 100 70 0.08 0.5 175
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PROBLEM 2

A man lies prone in a field contaminated by fallout. The following facts are known: weight of
clothing per square centimeter, time elapsed since bomb burst, and average gamma dose rate that he
18 receiving. .

Compute the body surface beta dose rate,

Solution

1. Take the source surface beta-gamma ratio as 70 rep-r-i,
2. Compute the clothing weight in mg-cm=? at each body area.

3. Read from Fig. 6.4:1 the asbeorption correction to the beta-gamma dose ratio at the Ume
glven and at the clothing absorption weights computed in step 2.

4. Geometric factor 1s assumed to be 1 for those parts of the body facing the ground, 0 for the
" other parts.

5. The beta dose rate is then given by: average gamma dose rate (r-hr~1) x tnfinite plane iso-
tropic surface source beta-gamma dose ratio (rep-r~!) x absorption correction x geometric
correction. These factors come respectivelyfrom the given data and steps 1, 2, and 4 of the
solution.

Example

A man lies prone in a field contamimited by fallout. The clothing on the covered areas of his
body is vniformly 200 mg-cm™=, Five hours have elapsed since bomb burst and the average gamma
dose he 15 receiving 18 100 r-hr-1,

Compute the body surface beta dose rate,

1. Take the surface source beta-gamma ratio as 70 rep-r-1,

2. Clothing weight on covered areas is 200 mg-cm~? and on bare areas is 0 mg-cm2,
3. From Fig. 6.4:1 at 5 hours:

Clothing Weight, Absorption
mg-cm~? Correction
200 0.54
0 1.0

4, The dose to the part of the body facing the ground gets no geometric reduction (factor of 1).
Geometry i6 assumed to reduce daose to other parts to 0,

5. The beta dose rate to parts of the body facing the ground is given by:

Gamma Surface Beta

Dose Rate, Dose Ratlo, Absorption Geometric Dose Rate,
Area  r-hr? rep-r-! Correction Correction rep-hr-!
covered 100 70 0.54 1 3780
bare 100 70 1.9 1 7000
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PROBLEM 13

A man stands facing a large object contaminated by fallout(ship, tank, airplane). The following
facts are given: weight of clothing per square centimeter, distance from contaminated object, time
elapsed since bomb burst, and average gamma dose rate he is receiving.

Compute the body surface beta dose rate.

Soluticn

1. Same as Problem 1.

2, Compute the air absorption weight from the given distance from contaminated object using
40 mg-cm~?-ft! of alr. The absorption weight is the same for all portions of the body.

3. Same as Problem 1.
4, Same as Problem 1.
5. Same as Problem 1,
i}

The geometric factor 18 1 for portions of the body facing the object, and 0 for portions fac-
ing away from the object.

7. Same as Problem 1.

Error

In all the above problems, It 1s believed that the estimated probable error is a factor of about
three. In some ratherunimportant cases, the error canbe much larger. For instance, wherethe geo-
metric factor is taken as zero and scattering leads to a negligible but non-zero dose, the error is in-
finite, . -

6.5 BETA-GAMMA BIOLOGICAL HAZARD

Although the range 150-200 r has been generally acceptedlv 18 25 the gamma disability dose,
the disability dose for betas has not yet been standardized. The value of 3000 to 5000 rep previously
mentioned was taken from the Medical Officers Harl.cll:\ook.1 The criteria for defining a gamma dis-
abllity dose are much simpler, Gammas irradiate the entire bedy with a substantially uniform dose;
betas produce a surface dose which cannot be expected to be constant over the body surface. The in-
cldence of the disabling gamma symptoms, nausea, vomiting, and prostration, occur within a few
hours. A value of 200 r will produce these symptoms in approximately half the members of a group.
The disabling effects of a beta dose (such as the production of severe skin lesions) depend to an extent
on the area of the skin affected and do not manifest themselves as rapidly; times of the order of two
weeks are required for the production of lesions.

It is quite likeiythatthe concept of beta dose alone is inadequate to predict the blological effects,
and more extended information such as the beta depth dose curve in tissue may be necessary, For
example, a 4-Mev monoenergetic beta produces the same dose at the outer skin surface as a 0.4-Mev
beta, but the total energy deposited in all tissue is 10 Hmes greater. The depth dose curves given in
Fig. 6.4:1 can be used to sketch the depth dese curve in tissue as well a8 in other absorbers.

6.6 MISCELLANEOQUS INTERNAL EFFECTS

Effects of internal beta radiation, such as the beta dose received in the lungs due to inhalation
af fallout or in the digestive organs due to ingestion of contaminated food and water, are not ordinarily
primary hazards as compared with the external beta and gamma dose. One exception lies in the case
of insoluble particles inhaled and fixed in cne ?oaition in the lung. This problem has not yet been
successfully evaluated. Calculations of Sondhaus’ indicate that, with this exception, the beta hazard to
the lung 15 much less than the external total body gamma hazard, Studies® of the natives of the Marsh-
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Chapter 7

THE ATOMIC CLOUD

7.1 INTRODUCTION

The nature of the atomic cloud enters in the following three ways into considerations of nuclear
radiation {from a bomb hurst,

1. The clond is the source of most of the initial radiations. (Appreciable portions of the nitro-
gen capture gamma source, however, originate in absorptions outside the cloud, ) Note that
for this purpose the cloud is not distinguished from the fireball, which is its luminous-

predecessor.

2. ‘The active material which deposits on the earth to produce the fallout pattern is generally
congidered as having its origin in the cioud,

3. 'I‘he" cloud represents a highly radioactive portion of space which may on occasion be ap-
proached or penetrated by manned aircraft.

To evaluate the bomb radiation hazards assoclated with the cloud, it is necessary to have some
understanding of the behavior of the cloud, its shape and position in space and time, and {ts activity
content and distribution.

Section 7.2 presents & brief qualitative discusgion of the mechanism postulated for cloud dy-
namics while in Section 7. 3 observations and measurements of cloud heights and dimensions are sum-
marized. The last two sections (7.4 and 7.5) discuss the yse of these data for calculations of fallout,
initial radiation and cloud penetration by aircraft, emphasie is necessarily placed on the last of the
three because of the scarcity of adequate information for fallout and initial radiation calculations.

7.2 CLOUD DYRAMICS

There is yet no complete analytical description of cloud dynamics. There exists, however, a
considerable body of observational datafrom which it has been poasible to compose empirical relations
and to formulate a qualitative description of phenomena, In this description the cloud and the fireball
will not be fully distinguished, but will simply be regarded as different stages in the life of the same
phenomenon,

The firat phase in the life of the fireball is the tremendous expansion occurring at the time of
blast. This initial expangion occurs very quickly, being essentially compiete in less than one second.
During this time motion within the fireball is completely turbulent,

The next phase in the fireball history is 2 subject of some uncertainty, both as to its actual
existence and its basic mechanism. 1,2 This phase is known as the hover time and is a short period in
which the top surface of the fireball appears to remain stationary. 3" The hover time may be from 2 {o
5 seconds long., The explanation advanced ig that there must be an appreciable time for the buoyant
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forces to accelerate the firebail upward, these {orces being independentof the radial forces associated
with the blast, If the haver time actually exists, the buoyant acceleration proceeds very rapidly once
it starts, since the rising fireball attains its maximym upward velocity well within the firstten seconds
after the blast. After this time, the speed of rise decreases guite rapidly so that in most bursts the
cloud attains half its maximum altitude within 1t0 2 minutes after the burst, 3 although the correspond-
ing maximum altitude is not reached for 4 to 10 minutes. 4,8

It appears that during the Hrst few seconds of fireball rise the internal motion of the hot gases
comprising the fireball begins to evolve, from the initial turbulence into the characteristic toroidal
rotation. The resulting general configuration of the fireball is that of a horizontal torus or doughnut.
The ratatory motion is caused by the viscous frictional drag of the stationary atmosphere on the outer
surfaces of the rising fireball. The rotational movement is downward along the outside surface of the
fireball, horizontally inward acroas the bottom, upward along the surface of the interior hole of the
torus, and horizontally outward across the top.

After 10 seconds or a little more, the ascending bubble cools to the point where it is no longer
luminous; it is subsequently referred to as the cloud, 6 The rotation, however, continues through this
trangition and long after, (There is reason to believe that, in some cases at least, it persists until
after the cloud has attained its maximum altitude. }

The rapid rise of the fireball/cloud creates a strong updraft below it. This updraft is greatly
reinforced near the vertical axis of the torus by the toroidal rotation, which acts like a very poweriul

pump.

If the burst occurs on the earth surface or sufficiently close to it, surface material is sucked
up to form the familiar visible atem, which fans out below the cloud in a cone-shaped skirt with apex
at the cloud bottom. From cbservation it appears that this material is drawn up into the hole in the
torus, and falls back to earth in a veil around the stem, It is not believed that this material makes
very intimate contact with the highly active bomb materiala, 3m any case, it does not appear to be a
very effective scavenger of active materials,

As previously noted, the vertical thrust on the cloud is provided by the buoyant forces of the
atmosphere, since the cloud is hotter and is therefore less dense than the surrounding air. There are,
however, a number of braking forces which slow and ultimately stop the rise of the cloud. One of these
forces is the frictional resistance of the atmosphere to the passage of the cloud. As the cloud rises,
its size increases and thefrictional resistance opposingthe riselikewise increases, The other braking
forces all act to increase the averzge density of the cloud and therelore decrease its buoyancy in the
surrounding air. The {mportance of the individual mechanisms varies with time. Thus, in the fireball
stage it is likely that the main mechanism increasing the density ie radiative heat loss, which lowers
the average temperature. After the cloud stage is reached, there are three processes which operate
to increase the cloud density.

1. As the cloud rises it encounters lower atmospheric pressure and expands. In expanding,
the cloud temperature decreases and the density increases.

2. Duringthe riselarge quantities of air atambient temperatures are entrained into the cloud;
this air cools the cloud by mixing,

3. The denslty of the ambient air and, thus, its buoyant effect decrease with increasing alki-
tude. The air density 18 a function of both its pressure and temperature. Air temperature
generally tends to decrease with altitude within the troposphere (the inner envelope of the
earth’s atmosphere) but the air pressure decreases more rapidly, so the net effect is a
decrease in denaity, Inthe stratosphere temperature increases and the pressure decreases
with altitude so that the air density drops much more rapidly.

The effect of variations in atmospheric conditions appears to be limited primarily to cnly one of
the braking mechanisma described above. T The atmosphere plays essentially no role during the radi-
ative heat loss period and the decrease of air pressure with altitude is nearly the same for all burst
environments. At present it is fel{ that the characteristics of the cloud rather than the surrounding
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atmosphere determine the rate of entrainment of air, The only significant atmospheric variation
from shot to shot is the variation of air density with height (which i8 essentially due to variations of air
temperature since the pressure change is, as noted above, fairly uniform), The probable control by the
atmospheric temperature lapse rate over the maximum rise of the atomic cloud is demonstrated by the
large number of shots which have siopped at the tropopause, by the several low-yield shots which have

stopped at temperature inversiong inthe troposphere, and by the formation of horizontal layers of stem
material separated by stable layers of atmosphere. 7

The cloud {inally stops rising when it comes into dengity {and therefore” thermal) equilibrium
with its surroundings. This may occur within the troposphere but for high-yield weapons the cloud may
penetrate into the stratosphere. If this penetration occurs, the final braking {s somewhat expedited by
the more rapid decrease of density with altitude in this region. {It should be noted that the equilibrium
altitude and dimensions of the cloud at this equilibrium are in reality only temporary quantities. They
are the values describing the cloud at the end of the rise period and before the normal dispersing pro-
cesses of the atmosphere become important. )

It appears that the cloud sometimes overshoots the altitude at which it is tn density equilibrium
with the surrounding atmosphere by a few thousand feet and then slowly sinks back to ite stable level.
The reason for this overshoot is not clear but it is believed that it may be attributed to inertia of the
cloud mass, which causes a characteristic damped oscillation. The cloud sinks back to its equilibrium
position when the gravitational and viscous atmospheric forces overcome these inertial effects 3,4,5,8

It has been frequently observed that clouds reaching their equilibrium altitude undergo a rapid
and substantial lateral expansion or flattening. This expansion is attributed mostly to the thermo-
dynamic requirement that all parts of the cloud reach approximately the same equilibrium elevation,
The toroidal rotation may also have an influence on the effect, but this as yet has not been properly
evaluated.

For atmospheres containing appreciable_amounts of moisture, another effect may require con-
sideration. The moisture content (in the vapor-state) of the lower levels is of the order of 1to 10 grams
per kilogram of air. This moisture condenses at the lower temperature of the upper atmosphere to
release about 600 calories of heat for each gram of water vapor. For Nevada shots the total amount of
heat released probably does not exceed a value of the order of 0.1 KT of energy but for the Pacific shots,
where the moisture content of the air is much higher, the total energy release may be large enough to
be important.

7.3 CLOUD HEIGHTS AND DIMENSIONS

In the evolution of an atomic cloud there are manyfeatures which are of interest. These include
the top of the cloud, the center of gravity of the cloud, the base of the cloud, the bases and tops of layers
(1f any} of the stem, the diameter and volume of the cloud and stem, and the distribution of the radio-
activity within the cloud. Unfortunately, only the top of the cloud has been systematically observed
during all of the tests. The other items have been investigated during only a limited number of tests.
For this reason, theories have been promulgated and tested only on the maximum height of the cloud.

Three principal theories of cloud rise have been proposed by Taylors, Suttonw, and Machtall,
While these theories have contributed to the development of understanding of cloud phenomena, they
have not yet reached the stage of refinement where predictions made from them should supplement the
purely empirical results of the weapons tests.

There is sufficient coherence among the observed experimental results, however, to fit some
empirical curves to the data points and to vest considerable confidence in their general validity. A
unified theory will probably permit much better fitting to these same data points than our present state
of ignorance permits. (In fact, classifying the available data according to season and latitude would
permit a more consistent but, at present, less useful set of empirical relations. )

Fig. 7. 3:1 is a plot of the equilibrium heights of the tops and bottoms of a great many observed
clouds as afunction of bomb yield. Data are included from tests at both the Nevada - New Mexico Area

and the Marshall Islands Area,
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Figure 7.3:1 Experimental Measurements of the Equilibrium Heights of Top and Bottom
of Cloud as a Function of Yield for Near-Surface Bursts.

In the construction of this and the other figures in this section, bomb yields were corrected to
an equivalent mean sea level value. That is, the actual yield at the burst height was adjusted to an
equivalent yield for a sea level burst which produces the same cloud characteristics.

The mean sea level correctionl2 used is

Pp

(]

Pgy,

SL pB

equivalent yleld at mean sea level

yield at actual burst height
pressure at mean sea level

preasure at actual burst height

w

B

(1.3:1)

There are other parameters besides burst height which affect the cloud characteristics and which vary
between shots but no methods are presently available for correcting these variations.
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Figs. 7.3:2, 1.3:3, and 7. 3:4 are piots of the height of the top, bottom, and center of the cloud
as a function of time after burst for various yields. (It should be noted that for high-yield weapons the
cloud may not have a clear-cut bottom and Figs. 7.3:3 and 7, 3:4 are thus subject to an additional un-
certainty in this yield region.) These three figures were obtained by fitting amooth curves to experi-
mental results from about15 bursts.3: 5 Adjustments of the smooth curves were made where necesgary
to obtain reasonable internal consistency. )

Fig. 7.3:5 is a plot of the vertical thickmess of the cloud as & function of time after burst for
various yields. It was constructed by subtracting the values of Fig. 7. 3:3 from those of 7. 3:2.

Fig. 7.3:6 is a plot of cloud diameter as a function of time after burst for various yields. It
was consiructed from the same sources and in the same manner ag Figs. 7.3:2, 7.3:3, and T, 3:4.

While the cloud heights and dimensions in these figures are given for surface bursts, that is,
measured from mean sea level, they may also be applied to near-surface burets, say below 5,000 ft,
In this case the cloud heights presented may be construed as being measured above the burst point. No
information is avallable for the treatment of high altitude bursts,

The maximum error of these figures is believed to be about a factor of two. The test data upon
which the curves were based are supposedly good to + 30 percent but the wide range of tropopause
heights, temperature-altitude relations,. and wind velocities likely to be encountered under operational
conditions greatly increases this expected error.
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Figure 7. 3:2 Height of Top of Cloud as 3 Function of Yield and Time after Burst for
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Figure 7. 3:3 Height of Bottom of Cloud as a Function of Yield and Time after Burst for
Near-Surface Bursts. Broken curves indicate extrapolated values.
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PROBLEM 1

For surface or near-surface bursts, find the distance above burst height of the top, bottom, or
center of an atomic cloud at any time during the first 15 min after the burat. Yield and burst height of
the bomb are known.

Solution

Read height directly from Figs. 7. 3:2, 7. 3:3, or 7.3:4, (whichever is appropriate) at given time
and yield, Add this value to burst height for near-surface burats,

PROBLEM 2

For surface or near-gurface bursts, find the vertical thickness of an atomic cloud at any time
during the first 15 min after burst. Yield and burst height of the bomb are known,

Solution

Read thickness directly from Fig, 7. 3:5 at the given time and yield.

PROBLEM 3

For surface or near-surface bursts, find the diameter of an atomic cloud atany time during the
first 9 min after burst. Yield and burst height of bomb are known.

Solution

Read diameter dlfectly from Fig. 7. 85:8 at the glve; time and yield

Error

The results of Problems 1, 2, and 3 are estimated to be good to within a factor of two.

7.4 CLOUD CHARACTERISTICS FOR CALCULATION OF FALLOUT AND INITIAL RADIATION

The accuracy of the plots in Section 7. 8 or of any other known method {or predicting cloud heights
is not sultable for input to a fallout computation. Similarly the time dependence is not accurate enough
for short times after burst (0 to 30 sec), for use in making cloud rise corrections for initial gamma
doses; for this purpose the following empirical relationld is recommended for surface and near-sur-

face bursts,

Vo = 115 Wo3 0 (7.4:1)

where
= height of center of cloud above point of burst, ft

bomb yield, KT
time after burst, sec

Ye
w

-
[}

This expression may be considered applicable in the range t = 5 to 30 ge¢. In Fig. 7.4:1 the
value of y, is plotted as a function of time for various values of yield, Extension of these curves agrees
a8 well as can be expected with the data of Fig. 7. 3:4.
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7.3 CLOUD CHARACTERISTICS FOR CALCULATION OF AIRCRAFT PENETRATION DOSE

The present principal usefulness of Fige. T.3:1 through 7.3%:6 18 the evaluation of radiation
hazards lor aircraft flying in the vicinity of the atomic cloud. Because both the data in these figures
and dose rate information given below are from surface or'near-surface bursts, the results presented

in this section are gimilarly restricted,

In addition to cloud heights and dimensions it is necessary to have information regarding the
radiation content of the cloud. Qualitatively, it is clear that the dose rate at 2 given time and place
within the cloud ig a function of three factors:

1. density of radicactive material,
2. density of entrained inactive material, and
3. density of air.
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The dose rate will change with time as determined by the way thege three factors change and this in
turn depends on:

1. rate of decay of active material,

2. rate of fall of active material,

3. rates of entrainment and fall of inactive material, and
4, rate of expansion of cloud.

Some of these factors are clearly independent of yield, It would appear that the others are also inde-
pendent of yield, either individually or in combination, at least over some time period. Experimental
measurements at Upshot-Knothule“ supported by less credible measurements at Greenhouse15, indicate
rather strongly that the volume average dose rate encountered within the cloud between 3 and 25 min
after the burst is independent of weapon yleld.

The most reasonable explanation for this independence of yieid is comprised of two factors,

1. The dose received at any given point within the cloud comes predominantly from nearby
regions of the cloud, while the dose from remote regions is sufficlently attenuated to be
negligible in comparison. The over-all size of the cloud would therefore not be important
in determining the dose rate.

2. The volume average density of the active and inactive materials in the cloud is independent
of yield. This is a reasonable expectation since the volume of the cloud is known to be
roughly proportional to the yield; the amount of debris, both active and inactive, should
also be roughly proporticnal to yield.

-

Ithas been determined emplrica]ly“ thatthe volume average dose ratein the cloud in the period
2 to 25 min after burst is equal to 2.18 x 10% t-*-%, rep-min-!, where t is the time after burst, min.

This relation comes to within a factor of two of most measured results. A few Greenhouse
measurements fell outside of that range; this may be so because the measurements were made in the
stem rather than in the cloud proper or because of errors in the measurements themselves. If one
integrates the average dose rate over the time spent in the cloud as in Eq. 7.5:1, the total dose
accumulated in the cloud is obtained. This equation for total dose should hold fairly well except for
trajectories cloae 'to the cloud boundaries.

t +t
e c
D =f 2.18 x 10% t-%08 gt (7.5:1)
t
e

where
total dose accumulated in cloud, rep

time of entry into cloud after burst, min

- Q9
o

t = time gpent in cloud, min

Fig. 7.5:1 is a plot of D as a function of tc for various values of te.

The preceding discussion applies only to aircraft flight through the atomic cloud proper. There
may be a similar problem involving flight through the stem but the data presently avallable do notpermit

evaluation.
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PROBLEM 4

It is known that an aircraft penetrates an atomic cloud. Find the time spent inthe cloud when
the height and speed of the aircraft and the burst height and yield of the bomb are known.

(Note that sufficient information is presented in Figs. 7. 3:2 through 7. 3:6 io determine in detail
how an atrcraft flying a given course and gpeed will penetrate an atomic cloud of kmown yield, burst
time, and height. Thus, one could answer the following questions: Will penetration occur? Exactly
where in the cloud will penetration occur? Howlong will penetration last? The inaccuracies inthe data
and sensitivity of the results to small variations in operational conditions make guch a detailed treat-
ment unwarranted, )

(It is pogsible to relate rather well the diameter of the cloud to the time after burat and the yleld.
It is meaningful, therefore, to ask how great a diameter the cloud presents to an aircraft fiying in the
vicinity at a given time after burst and for a given yield. This is not precisely the problem stated, but
it can be loosely 8o interpreted.)

Solution

To reduce the input conditions to the same units asthe working curves, it is desirable o express
the aircraft speed in feet per minute, The following conversion factors, while not exact, are well
within the accuracy of this treatment.

1 knot = 1 nautical mile-hr-t
= 100 {t-min"?

1 statute mile-hr~! = 80 ft-min~!

It will be assumed that the cloud height and dimengions are fixed during the time of the aircraft
passage. This is obviously not the true situation since in most circumstances the cloud will still be
rising and expanding during the aircraft penetration. For shortpenetration imes, however, the changes
in cloud dimensions during penetration willnot be large and for longer penetrationtimes average cloud
dimensione can be used.

Two separate cases will be demonstrated -- penetration along the cloud diameter and grazing
penetration,

A. Assume that the aircraft penetrates along the cloud diameter,

1. Subtract the burst height from the aircraft height to obtain y,,the heightof the center of the
cloud above burst at time of penetration,

Using Fig. 7.3:4 and the value of Joand the yield find the time of entry into the cloud t,.

2.
3. From Fig. 7.3:6 at the given yield and time find the cloud diameter d.
4, Convert the aircraft velocity into feet per minute v.

5

. The time apent in the cloud in minutes t,, is then d/v.

B. Assume that the aircraft makes a grazing penetration -- y feet below (or above) the cloud center
and x feet to the side of the vertical axis. (If neither x nor y is greater than 1/4 the cloud di-
ameter, the penetration ought to be considered as being along the diameter. Also, if the cloud
growth has reached the phase where considerable flattening has occurred, the penetration should
be taken as diametric.) Assume, further, that the cloud is spherical, with diameter given by
Fig. 7.3:8.

1. Perform steps 1, 2, 3, and 4 as indicated in A above.

2, Calculate [4(x? + ¥/ d’]. This is the square of the fractionalradial distance of the aircraft
trajectory from the cloud center. Fig. 7.5:2 is a plotof the trigonometric reduction factor

216




0.8 \\_\ Y
:D.I’ \i 0.8
)

8 \
£ \
T 0.4 0.4
i
0.2 0.2
0 0
0 0.2 0.4 0.¢ 0.8 1.0

t
Square of Frachona] Radial Distance. _‘!(x;i- ¥H

Figure 7,5:2 Diameter Reduction Factor.

-
- -

¥ in the diameter. Read the value of § from Fig. 7.5:2 at the corresponding value of
[4( + 72/ ).
3. The distance traversed by the aircraft is $d and the time spent in the cloud t,, is yd/v.

Error

The error of Problem 4 is estimated to be no more than a lactor of two.

PROBLEM §

It is known that an atrcraft penetrates an atomic cloud. Find the dose accumulated in the cloud
when the height and speed of the aircraft and the burst height and yield of the bomb are known.

Solution

1. Applythe appropriate methods of Probiem 4 to determine the time of entry into the cloud t,,
and the time spent in the cloud ¢,

2. Read the doge accumulated for these values of t, and t, from Fig. 7. 5:1.

Error

The error in Problem § is estimated to be no more than a factor of two,




/

Example A

sea level.

An aircraft is flying at 25,000 ft ata speedof 200 knots. A 50-KT bombis excloded 1000 ft above

If the aircraft penetrates the resulting cloud along its diameter, how long will the aircraft

be within the cloud and what dose will the crew experience?

Example B

7.6 REFERENCES -

1.

o oo o

The height of the cloud center above burst at the time of penetration will be 25,000 - 1,000
= 24,000 ft.

The center of the cloud from a 50-KT bomb rises 24,000 ft from the burstpoint in 2, 8 min,
according to Fig. 7. 3:4.

The cloud diameter of a 50-KT bomb after 2.8 min is 10,000 ft, from Fig. 7. 3:8,
The aircraft speed is 200 x 100 = 20,000 ft-min*!,
The time spent in the cloud is 10,000/20,000 = 0.5 min.

From Fig, 7.5:1 the dose accumulated {n the cloud for entry ime t, = 2.8 min and time
with cloud t, = 0.5 min is 120 rep.

Same as Example A except grazing penetration of cloudis made 3,500 ftbelow and 3,000 ft tothe
left of the cloud center.

1.

2.

Perform steps 1, 2, 3, and 4 as {n Example 1 above,
402 +y) _ 4(3,000° + 3,500%)
d? (10,000)

= 0.85

From Fig. 7.5:2 a value of [4(x? + y%)/d?] = .85 leads to a value of = 0.39.

The distance traversed by the aircraft is then yd = (0. 39}(10, 000} = 3,800 ft and the time of
traverse t. = 3,900,/20,000 = 0.2 min,

From Fig. 7.5:1 the dose accumulated, from entry time t, = 2. 8 min and time within cloud
te = 0.2 min, is 55 rep.
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